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  A.	  Cohen,	  M.D.,	  Professor	  of	  Medicine	  	  ABSTRACT	  	  Ischemic	  cardiovascular	  disease	  shows	  trends	  of	  increasing	  morbidity	  and	  mortality	  in	  the	  United	  States	  and	  around	  the	  world.	  	  Current	  therapeutic	  options	  are	  limited,	  but	  the	  identification	  of	  key	  disease	  mechanisms	  and	  targets	  will	  inform	  novel	  therapeutic	  development	  to	  help	  decrease	  disease	  burden.	  	  One	  potential	  target	  is	  the	  sarco/endoplasmic	  reticulum	  Ca2+	  ATPase	  (SERCA),	  a	  key	  regulator	  of	  Ca2+	  homeostasis	  which	  plays	  multiple	  roles	  in	  the	  cardiovascular	  system.	  	  SERCA	  catalyzes	  the	  hydrolysis	  of	  ATP	  and	  couples	  it	  to	  the	  translocation	  of	  free	  cytosolic	  Ca2+	  into	  SR/ER	  stores.	  	  SERCA	  is	  redox–regulated,	  and	  is	  susceptible	  to	  both	  stimulatory	  and	  inhibitory	  oxidative	  post-­‐translational	  modification.	  	  For	  example,	  oxidation	  of	  SERCA	  by	  physiological	  levels	  of	  nitric	  oxide	  (⋅NO)	  causes	  reversible	  oxidative	  modification	  of	  SERCA	  cysteine	  thiols	  by	  introducing	  glutathione	  adducts.	  	  
S-­‐glutathiolation	  enhances	  SERCA	  Ca2+	  uptake	  activity,	  which	  results	  in	  rapid	  reductions	  in	  cytoplasmic	  Ca2+	  levels,	  and	  promotes	  endothelial	  angiogenic	  responses	  in	  vitro.	  
	   vi	  
S-­‐glutathiolation	  of	  SERCA	  specifically	  at	  cysteine-­‐674	  (C674)	  is	  a	  key	  signal	  regulating	  SERCA	  activity	  under	  physiological	  conditions,	  and	  a	  next	  crucial	  step	  is	  establishing	  causal	  relationships	  between	  defects	  in	  C674	  S-­‐glutathiolation	  and	  human	  disease.	  	  The	  following	  study	  elucidates	  the	  role	  of	  redox	  regulation	  of	  the	  C674	  thiol	  in	  the	  mechanisms	  of	  vascular	  disease	  by	  employing	  a	  SERCA	  2	  C674S	  knock-­‐in	  (SKI)	  mouse	  in	  which	  the	  key	  thiol	  is	  lacking	  in	  50%	  of	  SERCA,	  rendering	  the	  protein	  less	  able	  to	  be	  activated	  by	  glutathiolation.	  	  Following	  hind	  limb	  ischemia,	  SKI	  animals	  had	  impaired	  blood	  flow	  recovery,	  indicating	  an	  angiogenic	  defect.	  	  Cultured	  SKI	  microvascular	  endothelial	  cells	  showed	  impaired	  migration	  and	  decreased	  network	  formation.	  	  Fura-­‐2	  Ca2+	  signaling	  studies	  revealed	  lower	  Ca2+	  stores	  and	  decreased	  VEGF-­‐	  and	  ⋅NO-­‐induced	  Ca2+	  influx.	  	  Also,	  hypoxia-­‐induced	  expression	  of	  pro-­‐angiogenic	  genes	  (VEGF,	  VEGF	  receptor	  2	  and	  eNOS)	  was	  decreased	  in	  SKI	  endothelial	  cells.	  	  Adenoviral	  overexpression	  of	  calreticulin,	  a	  major	  ER	  Ca2+	  binding	  protein,	  enhanced	  levels	  of	  VEGF	  receptor	  protein	  and	  eNOS	  phosphorylation.	  	  Taken	  together,	  these	  data	  indicate	  that	  impairing	  normal	  redox	  regulation	  of	  the	  C674	  thiol	  via	  reversible	  S-­‐glutathiolation	  interferes	  with	  endothelial	  cell	  Ca2+	  homeostasis	  and	  angiogenic	  gene	  expression,	  suggesting	  mechanisms	  by	  which	  impaired	  SERCA	  glutathiolation	  contributes	  to	  worsened	  angiogenesis	  during	  ischemia.	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Chapter	  1.	  	  Introduction	  
	  
1.1.	  Overview	  Despite	  being	  among	  the	  most	  preventable	  diseases,	  cardiovascular	  disease	  affects	  more	  than	  83	  million	  people	  in	  the	  United	  States.1	  	  It	  is	  the	  leading	  cause	  of	  death	  in	  both	  men	  and	  women,2	  and	  costs	  society	  an	  estimated	  $444	  billion	  each	  year	  in	  lost	  productivity	  and	  medical	  expense.1,2	  	  One	  subset	  of	  cardiovascular	  disease	  with	  trends	  of	  increasing	  morbidity	  and	  mortality	  is	  ischemic	  disease.	  	  Ischemia	  is	  the	  deprivation	  of	  cells	  and	  tissues	  of	  both	  oxygen	  and	  nutrients	  due	  to	  a	  reduction	  in	  blood	  flow,	  and	  results	  in	  conditions	  such	  as	  heart	  attack	  (myocardial	  ischemia),	  stroke	  (brain	  ischemia)	  and	  peripheral	  artery	  disease	  (ischemia	  of	  the	  extremities).	  	  Unfortunately,	  therapeutic	  options	  are	  limited,	  and	  ischemic	  disease	  can	  result	  in	  permanent	  loss	  of	  function,	  such	  as	  permanent	  neurological	  deficits,	  amputation	  or	  death.	  	  The	  identification	  of	  key	  disease	  mechanisms	  and	  targets	  will	  inform	  novel	  therapeutic	  development	  to	  help	  decrease	  morbidity	  and	  mortality	  within	  the	  population.	  	  One	  potential	  target	  is	  the	  sarco/endoplasmic	  reticulum	  Ca2+	  ATPase	  (SERCA),	  which	  plays	  multiple	  roles	  in	  the	  cardiovascular	  system.3	  	  The	  focus	  of	  the	  present	  work	  is	  to	  elucidate	  the	  role	  of	  redox	  regulation	  of	  the	  SERCA	  C674	  thiol	  in	  the	  mechanisms	  of	  ischemic	  vascular	  disease.	  	  Specifically,	  these	  studies	  evaluate	  how	  S-­‐glutathione	  adducts	  on	  SERCA	  C674	  participate	  in	  normal	  pro-­‐angiogenic	  endothelial	  cell	  functions,	  and	  suggest	  that	  irreversible	  oxidation	  of	  the	  key	  cysteine	  thiol	  impairs	  restoration	  of	  ischemic	  blood	  flow.	  	  
	   2	  
1.2.	  Angiogenesis	  	   1.2.1.	  	  Fetal	  and	  adult	  angiogenic	  programs:	  	  Vasculogenesis,	  angiogenesis	  and	  arteriogenesis	  Vasculogenesis,	  angiogenesis	  and	  arteriogenesis	  are	  the	  complex	  physiological	  processes	  by	  which	  new	  blood	  vessels	  form	  (Figure	  1).	  	  Vasculogenesis	  is	  the	  de	  novo	  blood	  vessel	  development	  that	  occurs	  due	  to	  the	  migration	  and	  differentiation	  of	  endothelial	  precursor	  cells,	  known	  as	  angioblasts,	  in	  response	  to	  growth	  factor	  signaling,	  and	  occurs	  most	  commonly	  in	  the	  embryo.	  	  Early	  in	  embryonic	  gastrulation,	  these	  mesodermal-­‐origin	  endothelial	  cells	  form	  a	  primitive	  vascular	  plexus	  but	  eventually	  differentiate	  to	  form	  arterial,	  venous,	  and	  capillary	  endothelial	  cells.	  	  Although	  de	  novo	  vasculogenesis	  can	  contribute	  to	  neovascularization	  in	  adults	  upon	  stimulation,	  mobilization	  and	  recruitment	  of	  stem	  cell-­‐derived	  endothelial	  progenitor	  cells	  from	  the	  bone	  marrow,	  this	  form	  of	  vessel	  growth	  is	  not	  believed	  to	  predominate	  at	  later	  life	  stages.	  	  Exceptions	  include	  certain	  tumor	  types,4	  endometriosis5	  and	  a	  modest	  contribution	  following	  tissue	  injury	  as	  in	  the	  infarcted	  myocardium	  or	  in	  response	  to	  severe	  peripheral	  arterial	  ischemia.6	  In	  the	  adult,	  different	  forms	  of	  vessel	  growth	  contribute	  to	  the	  compensation	  for	  an	  occluded	  or	  severed	  artery,	  namely	  angiogenesis	  and	  arteriogenesis.	  	  Angiogenesis,	  which	  requires	  proliferation	  and	  migration	  of	  existing	  endothelial	  cells,	  is	  the	  generation	  of	  new	  microvessels	  and	  capillary	  beds	  from	  existing	  vessels	  by	  either	  sprouting	  or	  division	  to	  form	  new	  branches.	  	  Ischemia,	  which	  is	  the	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deprivation	  of	  tissues	  of	  both	  oxygen	  and	  nutrients,	  is	  the	  principle	  stimulus	  of	  angiogenesis.	  	  Arteriogenesis	  is	  the	  growth	  of	  collateral	  arteries	  or	  arterioles,	  which	  requires	  recruitment	  of	  supporting	  smooth	  muscle	  cells	  and	  pericytes.7	  	  The	  stimulus	  for	  growth	  of	  collateral	  vessels	  is	  the	  increase	  in	  fluid	  shear	  stress	  that	  is	  a	  consequence	  of	  the	  pressure	  difference	  created	  by	  the	  occlusion,	  which	  increases	  flow	  rates	  and	  activates	  stress	  sensitive	  ion	  channels	  such	  as	  transient	  receptor	  potential	  cation	  channel,	  subfamily	  V,	  member	  4	  (TRPV4).	  	  The	  nitric	  oxide	  (⋅NO)	  synthase	  pathway,	  to	  be	  revisited	  in	  greater	  detail	  below,	  is	  essential	  for	  all	  forms	  of	  vessel	  development	  (vasculogenesis,	  angiogenesis	  and	  arteriogenesis).	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Figure	  1.	  	  Mechanisms	  of	  neovascularization.	  	  Neovascularization	  occurs	  through	  three	  main	  mechanisms:	  vasculogenesis,	  angiogenesis	  and	  arteriogenesis.	  Vasculogenesis	  is	  the	  de	  novo	  blood	  vessel	  development	  that	  occurs	  due	  to	  the	  migration	  and	  differentiation	  of	  endothelial	  precursor	  cells,	  known	  as	  angioblasts,	  in	  response	  to	  growth	  factor	  signaling,	  and	  occurs	  most	  commonly	  in	  the	  embryo.	  Angiogenesis,	  which	  requires	  proliferation	  and	  migration	  of	  existing	  endothelial	  cells,	  is	  the	  generation	  of	  new	  microvessels	  and	  capillary	  beds	  from	  existing	  vessels	  by	  either	  sprouting	  or	  division	  to	  form	  new	  branches.	  	  Arteriogenesis	  is	  the	  growth	  of	  collateral	  arteries	  or	  arterioles,	  which	  requires	  recruitment	  of	  supporting	  smooth	  muscle	  cells	  and	  pericytes.	  	  Ang-­‐1,	  Angiopoietin	  1;	  EC,	  Endothelial	  Cell;	  FGF,	  Fibroblast	  Growth	  Factor;	  HGF,	  Hepatocyte	  Growth	  Factor;	  IGF-­‐1,	  Insulin-­‐like	  Growth	  Factor	  I;	  PDGFβ,	  Platelet-­‐Derived	  Growth	  Factor	  β;	  SDF-­‐1,	  Stromal	  cell-­‐derived	  Factor	  I;	  VEGF,	  Vascular	  Endothelial	  Growth	  Factor.	  	  Figure	  adapted	  from	  Arteaga	  (2003),173	  Gnecchi	  et	  al.	  (2008).174	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1.2.2.	  Physiological	  and	  pathological	  angiogenesis	  Both	  the	  activation	  and	  suppression	  of	  vessel	  development	  are	  important	  to	  numerous	  physiological	  as	  well	  as	  pathological	  processes.	  	  Physiological	  angiogenesis	  occurs	  in	  both	  the	  embryo	  and	  in	  the	  adult.	  	  For	  example,	  it	  is	  required	  for	  the	  extensive	  pruning	  and	  remodeling	  that	  occurs	  during	  fetal	  circulatory	  development.	  	  In	  the	  adult,	  angiogenesis	  is	  critical	  for	  wound	  healing	  following	  tissue	  injury,	  as	  well	  as	  the	  restoration	  of	  blood	  flow	  to	  ischemic	  tissues	  following	  arterial	  occlusion	  or	  severance.	  Both	  insufficient	  and	  exaggerated	  angiogenesis	  can	  be	  pathological.	  	  Failure	  of	  angiogenesis	  during	  wound	  repair	  or	  following	  ischemic	  tissue	  injury	  is	  detrimental	  to	  the	  healing	  process.	  	  The	  converse	  is	  true	  in	  cancer.	  	  Tumor	  angiogenesis	  is	  not	  only	  a	  pathological	  process	  that	  allows	  the	  tumor	  to	  grow,	  but	  new	  vessel	  development	  also	  provides	  a	  conduit	  for	  metastasis.	  	  In	  diabetic	  retinopathy,	  which	  is	  a	  complication	  of	  diabetes	  that	  can	  eventually	  lead	  to	  blindness,	  fibrovascular	  proliferation	  occurs	  in	  response	  to	  the	  retinal	  hypoxia	  that	  follows	  hyperglycemia-­‐induced	  vascular	  damage.	  	  The	  proliferation	  of	  fragile,	  leaky	  vessels	  can	  cloud	  vision,	  damage	  the	  retina	  and	  even	  lead	  to	  tractional	  retinal	  detachment.8	  Although	  our	  understanding	  of	  both	  the	  complexity	  and	  centrality	  of	  angiogenesis	  continually	  improves,	  detailed	  mechanisms	  by	  which	  angiogenesis	  is	  promoted	  or	  inhibited	  under	  physiological	  and	  pathological	  conditions,	  as	  well	  as	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key	  signaling	  partners	  involved,	  remain	  to	  be	  elucidated.	  	  The	  focus	  of	  the	  present	  work	  is	  the	  role	  of	  the	  endothelial	  cell	  in	  the	  angiogenic	  response	  to	  ischemia.	  	   1.2.3.	  Pro-­‐angiogenic	  endothelial	  cell	  behavior	  Successful	  angiogenesis	  requires	  precise	  control	  and	  coordination	  of	  endothelial	  cell	  behavior	  with	  surrounding	  cells	  as	  well	  as	  the	  extracellular	  matrix.	  	  In	  normal,	  intact	  vessels,	  endothelial	  cells	  form	  the	  inner	  lining	  of	  the	  vasculature,	  taking	  on	  a	  cobblestone-­‐like	  appearance.	  	  Following	  injury	  or	  growth	  factor	  signaling,	  activated	  endothelial	  cells	  undergo	  a	  series	  of	  characteristic	  changes	  to	  promote	  vessel	  development.	  Several	  specific	  endothelial	  cell	  behaviors	  are	  believed	  to	  be	  critical	  in	  the	  initiation	  of	  the	  angiogenic	  response	  to	  ischemia.	  	  First,	  hypoxic	  conditions	  stimulate	  the	  production	  and	  release	  of	  pro-­‐angiogenic	  factors	  (e.g.	  vascular	  endothelial	  growth	  factor,	  or	  VEGF),	  which	  then	  bind	  to	  their	  receptors	  on	  the	  endothelial	  cell	  surface	  to	  stimulate	  endothelial	  cell	  activation.	  	  Subsequently,	  the	  extracellular	  matrix	  is	  degraded,	  intercellular	  junctions	  are	  disrupted,	  and	  the	  cells	  begin	  to	  proliferate	  and	  subsequently	  migrate	  directionally	  along	  the	  chemotactic	  gradient.	  	  Following	  additional	  extracellular	  matrix	  remodeling,	  the	  endothelial	  cells	  reestablish	  cellular	  connections	  to	  form	  three-­‐dimensional	  tubes,	  and	  then	  other	  vascular	  cells	  (e.g.	  smooth	  muscle	  cells,	  pericytes)	  and	  matrix	  components	  (e.g.	  collagen,	  elastin)	  contribute	  to	  the	  formation	  of	  a	  mature,	  stabilized	  blood	  vessel.9,10	  	  The	  complexity	  of	  endothelial	  cell	  biology	  extends	  further	  with	  marked	  variations	  in	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gene	  expression	  profiles	  depending	  on	  the	  location	  of	  the	  vascular	  bed,	  blood	  vessel	  size,	  and	  growth	  state.	  	  As	  a	  result,	  while	  the	  basic	  framework	  of	  pro-­‐angiogenic	  steps	  have	  been	  outlined,	  a	  detailed	  understanding	  of	  the	  specific	  pathways	  involved	  at	  each	  juncture	  is	  still	  required.	  	   1.2.4.	  VEGF	  signaling	  in	  endothelial	  cells	  	   Growth	  factor	  signaling	  in	  endothelial	  cells	  triggers	  intracellular	  signaling	  cascades	  that	  promote	  pro-­‐angiogenic	  behavior.	  	  Among	  the	  most	  studied	  of	  these	  pathways	  is	  the	  VEGF	  signaling	  pathway.	  	  VEGF	  is	  an	  endothelial	  cell-­‐specific	  mitogen,	  of	  which	  multiple	  isoforms	  and	  receptors	  exist.	  	  The	  VEGF	  peptide	  family	  is	  comprised	  of	  seven	  isoforms,	  VEGF	  A-­‐F	  and	  placenta	  growth	  factor	  (PlGF),	  which	  are	  all	  encoded	  by	  separate	  genes.11	  	  VEGF	  gene	  expression	  is	  regulated	  by	  oxygen	  tension,	  other	  growth	  factors,	  hormones	  and	  oncogenes.11	  	  VEGF	  A	  is	  unique	  in	  that	  it	  exists	  as	  four	  splice	  variants,	  VEGF	  121,	  VEGF	  165,	  VEGF	  189,	  and	  VEGF	  206.	  	  VEGF	  165	  is	  considered	  the	  most	  potent,	  and	  recombinant	  human	  VEGF	  165	  (rhVEGF	  165)	  was	  used	  in	  the	  studies	  below.	  	  Although	  the	  VEGF	  isoforms	  differ	  in	  molecular	  mass	  and	  certain	  biological	  properties,	  such	  as	  which	  VEGF	  receptors	  are	  bound	  as	  well	  as	  the	  capacity	  to	  bind	  heparan-­‐sulfate	  proteoglycans	  on	  the	  endothelial	  cell	  surface,	  they	  are	  all	  homodimers	  containing	  a	  core	  VEGF	  homology	  domain	  consisting	  of	  a	  cysteine	  knot	  motif.12	  	  This	  knot	  motif,	  located	  at	  the	  end	  of	  a	  central	  conserved	  four-­‐stranded	  sheet	  region,	  contains	  eight	  invariant	  cysteine	  residues	  which	  participate	  in	  intra-­‐	  and	  inter-­‐molecular	  disulfide	  bonds.	  	  The	  VEGF	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monomers	  homodimerize	  in	  an	  antiparallel	  orientation.	  Notably,	  VEGF	  isoforms	  differ	  in	  their	  angiogenic	  properties.	  	  For	  example,	  VEGF	  A,	  which	  can	  bind	  heparan-­‐sulfate	  proteoglycans	  and	  neuropilin-­‐1	  as	  part	  of	  its	  VEGF	  receptor	  activation,	  is	  one	  of	  the	  most	  potent	  and	  cell	  specific	  mitogens	  known.	  	  In	  contrast,	  VEGF	  B	  is	  a	  much	  weaker	  angiogenic	  stimulus	  because	  it	  only	  binds	  to	  VEGF	  receptor	  1	  (see	  below),	  but	  it	  is	  now	  recognized	  to	  regulate	  endothelial	  fatty	  acid	  uptake	  and	  transport	  in	  the	  heart	  and	  skeletal	  muscle,	  thus	  affecting	  insulin	  sensitivity	  and	  glucose	  tolerance	  in	  rodent	  models	  of	  type	  2	  diabetes.13	  	  The	  VEGF	  isoform	  studied	  in	  the	  present	  work	  is	  VEGF	  A,	  and	  henceforth	  will	  be	  referred	  to	  simply	  as	  VEGF.	  The	  various	  VEGF	  isoforms	  bind	  three	  tyrosine	  kinase	  receptors:	  VEGFR1	  (Flt1),	  VEGFR2	  (KDR/Flk1)	  and	  VEGFR3	  (Flt4),	  which	  are	  structurally	  related	  to	  platelet-­‐derived	  growth	  factor	  receptors.14	  	  They	  all	  contain	  an	  immunoglubulin-­‐like	  extracellular	  domain	  and	  a	  tyrosine	  kinase	  cytoplasmic	  domain.14	  VEGFR1	  is	  often	  associated	  with	  inhibition	  of	  angiogenesis,14	  because	  it	  binds	  VEGF	  A	  with	  ten-­‐fold	  higher	  affinity	  than	  VEGF	  R2,	  but	  only	  weakly	  stimulates	  tyrosine	  kinase	  activity.	  	  Additionally,	  a	  splice	  variant	  of	  this	  receptor	  is	  soluble,	  and	  thus	  competes	  with	  the	  other	  VEGF	  receptors	  for	  the	  VEGF	  ligand,15	  but	  does	  not	  participate	  in	  intracellular	  signaling	  cascades.	  	  VEGFR2	  is	  widely	  accepted	  to	  be	  the	  main	  VEGF	  receptor	  promoting	  pro-­‐angiogenic	  behavior	  in	  endothelial	  cells,	  and	  is	  the	  isoform	  studied	  here.	  	  Hereafter	  it	  will	  simply	  be	  referred	  to	  as	  the	  VEGF	  receptor.	  	  VEGFR3	  is	  a	  primary	  regulator	  of	  embryonic	  lymphangiogenesis,	  and	  defects	  in	  this	  pathway	  are	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associated	  with	  early	  embryonic	  death	  due	  to	  fluid	  accumulation	  in	  the	  tissues.14	  	  VEGF	  A	  and	  VEGFR2	  are	  the	  principal	  mediators	  of	  angiogenesis	  and	  the	  major	  targets	  of	  anti-­‐angiogenic	  therapies.14	  	   Once	  VEGF	  binds	  its	  receptor,	  complex	  signaling	  cascades	  are	  initiated,	  and	  multiple	  factors	  in	  an	  elaborate	  network	  of	  overlapping	  crosstalk	  as	  well	  as	  distinct	  molecular	  functions	  determine	  the	  biological	  response.	  	  In	  particular,	  activation	  of	  the	  PI3	  kinase/Akt	  pathway	  is	  an	  important	  promoter	  of	  angiogenesis	  following	  VEGF	  receptor	  stimulation.	  	  The	  human	  VEGF	  receptor	  autophosphorylates	  principally	  at	  Try1175	  and	  Tyr1214.16	  	  Phosphorylation	  of	  Tyr1175	  results	  in	  activation	  of	  phospholipace	  C-­‐γ	  and	  mitogen-­‐activated	  protein	  kinase	  (MAPK)-­‐mediated	  signals.	  	  Tyr1175	  is	  also	  a	  docking	  site	  for	  adaptor	  proteins	  (e.g.	  Shb)	  responsible	  for	  the	  activation	  of	  phosphatidylinositol	  3	  kinase	  (PI3	  kinase).	  	  Thus,	  VEGF	  signals,	  in	  part,	  through	  increases	  in	  intracellular	  Ca2+	  and	  inositol	  triphosphate	  (IP3),	  to	  be	  revisited	  in	  further	  detail	  below.17	  	  Phosphorylation	  of	  Tyr	  1214	  leads	  to	  activation	  of	  Cdc42	  as	  well	  as	  p38,	  a	  stress-­‐activated	  protein	  kinase	  possibly	  involved	  in	  endothelial	  cell	  migration.	  VEGF	  is	  a	  critical	  mediator	  of	  angiogenesis,	  stimulating	  multiple	  pro-­‐angiogenic	  behaviors	  in	  endothelial	  cells.	  	  Its	  centrality	  is	  evidenced	  by	  loss	  of	  a	  single	  VEGF	  allele	  leading	  to	  impaired	  vascularization	  and	  early	  embryonic	  death.11	  	  	  In	  adult	  organisms,	  VEGF	  production	  by	  macrophages	  and	  endothelial	  cells	  is	  stimulated	  by	  hypoxic	  conditions	  or	  hypoglycemia	  in	  ischemic	  tissue.12	  	  In	  addition	  to	  initiating	  kinase	  cascades	  through	  VEGF	  receptor	  phosphorylation,	  VEGF	  also	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stimulates	  nitric	  oxide	  (⋅NO)	  production	  by	  increasing	  the	  activity	  of	  ⋅NO	  synthase	  (NOS)	  [cite	  Daggi’s	  paper].	  	  The	  central	  role	  for	  ⋅NO	  in	  the	  angiogenic	  response	  is	  illustrated	  by	  studies	  showing	  decreased	  blood	  flow	  recovery	  following	  hind	  limb	  ischemia	  and	  decreased	  responses	  in	  the	  Matrigel	  plug	  assay	  in	  eNOS	  deficient	  mice.18-­‐22	  	  Although	  the	  mechanisms	  of	  action	  of	  ⋅NO	  in	  endothelial	  cells	  and	  pro-­‐angiogenic	  pathways	  are	  poorly	  understood,	  it	  is	  known	  that,	  in	  addition	  to	  signaling	  via	  cyclic	  guanosine	  monophosphate	  (cGMP),	  reactive	  nitrogen	  species	  such	  as	  ⋅NO	  can	  signal	  through	  protein	  thiol	  modifications,	  although	  many	  of	  the	  important	  target	  proteins	  are	  not	  identified.	  	  
1.3.	  Post-­‐translational	  modifications	  of	  cysteine	  thiols	  	   1.3.1.	  Forms	  and	  mechanisms	  of	  post-­‐translational	  modification	  Multiple	  studies	  have	  shown	  that	  proteins	  can	  be	  modified	  by	  reactive	  oxygen	  and	  reactive	  nitrogen	  species	  (RONS),	  thus	  changing	  their	  oxidation	  states.	  	  These	  specialized	  reactions,	  known	  as	  reduction-­‐oxidation	  post-­‐translational	  modifications	  (redox	  PTMs),	  can	  lead	  to	  increased	  susceptibility	  to	  fragmentation,	  degradation	  or	  altered	  functionality	  in	  either	  a	  positive	  or	  negative	  manner.23,24,25	  	  Although	  the	  precise	  targets	  of	  RONS	  are	  poorly	  understood,	  they	  are	  known	  to	  signal	  through	  modifications	  of	  low	  pKa	  thiols	  on	  cysteine	  residues	  on	  redox-­‐sensitive	  proteins,	  and	  aberrant	  regulation	  of	  redox	  PTMs	  has	  been	  implicated	  in	  several	  pathophysiological	  processes.23,24,25	  	  An	  important	  concept	  is	  that	  not	  all	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cysteine	  thiols	  are	  equally	  reactive.	  	  Thiol	  group	  reactivity	  is	  largely	  attributed	  by	  its	  three-­‐dimensional	  environment.	  	  When	  a	  thiol	  group	  is	  surrounded	  by	  positively	  charged	  amino	  acid	  residues,	  it	  is	  stabilized	  as	  a	  thiolate	  anion	  (-­‐S-­‐),	  one	  of	  the	  most	  potent	  nucleophiles	  in	  the	  cell,	  rendering	  it	  highly	  reactive.	  	  The	  list	  of	  identified	  redox-­‐sensitive	  proteins	  with	  these	  characteristic	  thiol	  groups	  continues	  to	  grow,	  and	  now	  includes	  Janus	  kinases	  (Jaks),	  with	  a	  sensitive	  cysteine	  in	  their	  catalytic	  domains,	  as	  well	  as	  other	  redox-­‐sensitive	  kinases	  in	  the	  kinome,26	  and	  redox-­‐sensitive	  phosphatases	  such	  as	  protein	  tyrosine	  phosphatase	  1B	  (PTP1B).27	  	   PTMs	  of	  cysteine	  thiols	  on	  proteins	  can	  take	  multiple	  forms,	  which	  can	  be	  either	  reversible	  or	  irreversible.	  	  Reversible	  forms	  of	  PTMs	  include	  S-­‐nitrosylation,	  
S-­‐palmitoylation,	  S-­‐sulfenation	  and	  S-­‐glutathiolation.	  	  S-­‐nitrosylation	  is	  the	  covalent	  addition	  of	  ⋅NO	  containing	  groups	  to	  cysteine	  residues.	  	  Notably,	  it	  can	  be	  either	  a	  reversible	  or	  irreversible	  process	  under	  either	  physiological	  or	  pathological	  conditions,	  respectively.28	  	  In	  the	  former	  case,	  the	  S-­‐NO	  group	  is	  removed	  by	  denitrosylation	  enzymes,	  principally	  S-­‐glutathione	  reductase	  (GSNOR),	  in	  association	  with	  glutathione	  (GSH)	  and	  reduced	  nicotinamide	  adenine	  dinucleotide	  (NADH)	  as	  an	  electron	  donor.	  	  S-­‐nitrosylation	  is	  often	  an	  aberrant	  PTM	  occurring	  during	  conditions	  of	  nitrosative	  stress.	  	  For	  example,	  S-­‐nitrosylation	  of	  protein	  disulfide	  isomerase	  (PDI),	  an	  enzyme	  important	  in	  protein	  folding,	  inhibits	  its	  protective	  function	  in	  neurodegenerative	  disease.28	  
S-­‐palmitoylation	  is	  the	  only	  reversible	  lipid	  modification,	  and	  involves	  the	  addition	  of	  a	  C16	  acyl	  chain	  to	  cysteines	  of	  membrane	  proteins.29	  	  Palmitoyl	  groups	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are	  added	  to	  and	  removed	  from	  proteins	  in	  an	  enzymatic	  process	  by	  palmitoyl	  transferases	  in	  the	  membranes	  and	  acyl	  protein	  thioesterases	  in	  the	  cytosol.	  	  S-­‐palmitoylation	  can	  either	  act	  as	  a	  signal	  that	  directs	  soluble	  proteins	  to	  the	  membrane,	  or	  can	  be	  adducted	  to	  the	  transmembrane	  or	  cytosolic	  domains	  of	  a	  membrane	  protein.29	  	  The	  function	  of	  S-­‐palmitoylation	  of	  proteins	  already	  present	  in	  the	  membrane	  is	  incompletely	  understood,	  however	  it	  has	  been	  proposed	  to	  affect	  conformation,	  enhance	  protein	  complex	  formation,	  regulate	  association	  with	  lipid	  rafts,	  and	  to	  hinder	  ubiquitination	  of	  proximal	  lysine	  residues.29	  	  	  	   S-­‐sulfenylation,	  the	  addition	  of	  an	  R-­‐SOH	  group,	  is	  a	  reversible	  oxidative	  modification	  of	  cysteine	  thiols.	  	  Sulfenic	  acid	  forms	  in	  the	  presence	  of	  peroxides	  such	  as	  hydrogen	  peroxide	  (H2O2).	  	  The	  highly	  nucleophilic	  and	  electrophilic	  properties	  of	  the	  product	  are	  typically	  unstable	  and	  highly	  reactive,	  and	  are	  believed	  to	  be	  precursors	  to	  disulfide	  bond	  formation	  and	  possibly	  the	  mixed	  disulfide,	  S-­‐glutathiolation.	  	  However,	  this	  modification	  can	  be	  stabilized	  in	  certain	  cysteine-­‐rich	  environments	  by	  proximal	  sulfur-­‐containing	  groups	  as	  well	  as	  when	  solvent	  access	  is	  limited.	  	  Whether	  there	  is	  a	  role	  for	  S-­‐sulfenylation	  in	  redox	  signaling,	  rather	  than	  just	  an	  intermediate	  to	  other	  modifications,	  is	  unclear.	  Irreversible	  modification	  of	  cysteine	  sulhydryl	  groups	  can	  occur	  by	  prenylation	  as	  well	  as	  irreversible	  oxidation	  to	  sulfinic	  or	  sulfonic	  acids.	  	  Prenylation	  is	  the	  irreversible	  modification	  of	  cysteine	  thiols	  that	  involves	  addition	  of	  either	  S-­‐farnesyl	  or	  S-­‐geranylgeranyl	  groups	  to	  the	  C-­‐termini	  of	  proteins.30	  	  Prenylation	  is	  carried	  out	  by	  several	  enzymes	  (farnesyl	  transferase,	  Caax	  protease	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and	  geranylgeranyl	  transferase	  I)	  and	  is	  believed	  to	  serve	  a	  membrane	  anchor	  function	  for	  proteins,	  because	  the	  increase	  in	  hydrophobicity	  stabilizes	  protein	  interaction	  with	  the	  membrane.	  	  In	  contrast,	  S-­‐sulfinylation	  (R-­‐SO2H)	  and	  S-­‐sulfonylation	  (R-­‐SO3H)	  of	  proteins	  are	  frequently	  associated	  with	  disease.	  	  With	  few	  exceptions,	  they	  are	  considered	  enzymatically	  irreversible	  modifications	  that	  lead	  to	  enzyme	  inactivation	  and	  protein	  degradation.31	  	  In	  diseases	  associated	  with	  high	  levels	  of	  RONS,	  such	  as	  in	  cardiovascular	  disease,	  	  S-­‐sulfinylation	  and	  S-­‐sulfonylation	  are	  believed	  to	  play	  an	  important	  role	  in	  the	  aberrant	  regulation,	  damage	  and	  degradation	  of	  certain	  endothelial	  cell	  proteins	  such	  as	  SERCA.	  While	  all	  the	  abovementioned	  modifications	  are	  important	  in	  both	  physiology	  and	  the	  pathology	  of	  disease,	  the	  focus	  of	  the	  present	  study	  is	  reversible	  
S-­‐glutathiolation	  of	  SERCA.	  	  Glutathione	  (GSH)	  is	  a	  tripeptide	  containing	  γ-­‐Glu-­‐Cys-­‐Gly	  that	  is	  abundant	  in	  most	  eukaryotic	  cells.	  	  Intracellular	  concentrations	  are	  tightly	  controlled,	  but	  vary	  between	  0.1	  and	  10	  mM,	  and	  complete	  absence	  of	  GSH	  is	  incompatible	  with	  survival.32	  	  Within	  different	  subcellular	  compartments,	  the	  ratios	  of	  oxidized	  and	  reduced	  glutathione	  (GSSG	  and	  GSH)	  can	  vary	  considerably,	  and	  are	  related	  to	  the	  functioning	  of	  that	  specific	  compartment.	  	  For	  example,	  the	  cytoplasm	  is	  a	  relatively	  reducing	  environment,	  whereas	  the	  endoplasmic	  reticulum	  (ER)	  is	  a	  relatively	  oxidizing	  environment,	  thus	  providing	  appropriate	  conditions	  for	  disulfide	  bond	  formation	  during	  protein	  maturation.	  
S-­‐glutathiolation	  is	  considered	  a	  redox	  switch,	  and	  is	  important	  to	  the	  regulation	  of	  several	  proteins,	  including	  SERCA	  and	  endothelial	  nitric	  oxide	  
	   14	  
synthase	  (eNOS).	  	  S-­‐glutathiolation	  can	  be	  stimulatory	  or	  inhibitory,	  depending	  on	  the	  protein	  and	  the	  amino	  acid	  residues	  affected.	  	  For	  example,	  glutathiolation	  of	  SERCA	  can	  occur	  at	  several	  sites,	  and	  glutathione	  adducts	  stimulate	  SERCA	  activity.	  	  Similarly,	  S-­‐glutathionylation	  at	  Cys56	  of	  stromal	  interaction	  molecule	  1	  (STIM1),	  an	  ER	  Ca2+	  sensor,	  activates	  it	  and	  in	  turn	  alters	  mitochondrial	  homeostasis.33	  	  In	  contrast,	  glutathiolation	  of	  eNOS	  at	  Cys689	  and	  Cys908	  of	  its	  reductase	  domain34	  leads	  to	  uncoupling	  of	  the	  protein,	  causing	  superoxide	  anion	  (⋅O2-­‐)	  rather	  than	  ⋅NO	  to	  be	  produced.35	  	  Additionally,	  the	  active	  form	  of	  eNOS	  is	  a	  homodimer,	  and	  oxidation	  can	  interfere	  with	  dimerization	  of	  the	  eNOS	  complex.36,37	  In	  addition	  to	  serving	  its	  regulatory	  function,	  S-­‐glutathiolation	  is	  also	  thought	  to	  protect	  cysteines	  from	  further	  oxidation	  to	  sulfinic	  or	  sulfonic	  acids	  under	  conditions	  of	  oxidative	  stress.	  	  It	  has	  even	  been	  proposed	  that	  a	  temporary	  “glutathione	  cap”	  is	  a	  mechanism	  of	  protein	  “encryption,”	  such	  that	  proteins	  remain	  in	  a	  functionally	  silent	  state	  until	  they	  are	  required	  during	  stress.38	  	  However,	  this	  point	  has	  not	  been	  conclusively	  proven	  in	  the	  literature.	  
S-­‐Glutathiolation	  of	  SERCA	  due	  to	  RONS	  may	  occur	  by	  direct	  chemical	  means	  (non-­‐enzymatic)	  or	  potentially	  via	  increased	  glutathione	  S-­‐transferase	  (GST)	  activity	  under	  hypoxic	  conditions,39	  producing	  an	  altered	  redox	  state	  in	  ischemic	  cells.	  	  In	  the	  former	  case,	  GSH	  undergoes	  thiol-­‐disulfide	  exchange	  reactions	  with	  the	  cysteine	  thiolate	  anions.	  	  In	  endothelial	  cells,	  glutathione	  adducts	  can	  be	  removed	  by	  the	  glutaredoxin	  and	  thioredoxin	  families	  of	  enzymes.	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1.3.2.	  Cellular	  oxidant	  and	  antioxidant	  systems	  	   The	  main	  normal	  physiological	  sources	  of	  RONS	  in	  endothelial	  cells	  include	  mitochondria,	  several	  isoforms	  of	  NADPH	  oxidase	  (NOX),	  NOS,	  and	  pools	  of	  stored	  
⋅NO	  (Figure	  2).40	  	  Emerging	  evidence	  also	  suggests	  that	  RONS	  production	  is	  highly	  spatially	  and	  temporally	  regulated.41	  	  One	  focus	  of	  this	  thesis	  is	  the	  NOX	  family	  of	  ROS-­‐generating	  enzymes,	  which	  share	  the	  capacity	  to	  transport	  electrons	  across	  the	  plasma	  membrane.	  	  Although	  first	  identified	  for	  their	  role	  in	  pathogen	  killing	  in	  phagocytic	  immune	  cells,	  NOX	  tissue	  distribution	  and	  mechanisms	  of	  activation	  vary	  greatly,	  and	  several	  NOX	  family	  embers	  have	  been	  shown	  to	  be	  important	  in	  cardiovascular	  health	  and	  disease.42	  	  RONS	  synthesis	  (particularly	  by	  NOX)	  is	  sensitive	  to	  intracellular	  Ca2+	  flux,	  and	  these	  species	  also	  directly	  regulate	  endothelial	  cell	  Ca2+	  signaling	  through	  PTMs	  on	  important	  effector	  proteins	  such	  as	  SERCA.	  	  NOX	  proteins	  affect	  intracellular	  signaling	  pathways	  through	  a	  variety	  of	  mechanisms,	  including	  Ca2+	  homeostasis,43	  kinase	  activation,44	  transcriptional	  regulation45	  and	  growth	  factor	  production.46	  	  NOX	  expression	  (isoforms	  and	  levels),	  may	  vary	  depending	  on	  species,	  vascular	  bed	  and	  the	  presence	  or	  absence	  of	  disease,	  and	  it	  is	  believed	  that	  though	  they	  contribute	  to	  vascular	  signaling	  under	  normal	  physiological	  conditions,	  their	  induction	  and	  overactivation	  may	  promote	  vascular	  disease.47	  As	  an	  example,	  H2O2,	  generated	  primarily	  by	  Nox4,	  xanthine	  oxidase	  and	  phagocytic	  immune	  cells,	  is	  a	  small,	  non-­‐polar	  molecule	  that	  can	  freely	  diffuse	  across	  the	  lipid	  bilayer,	  and	  is	  an	  important	  signaling	  molecule	  that	  operates	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through	  oxidation	  of	  proteins	  at	  low	  pKa	  thiols.	  	  H2O2	  can	  also	  spontaneously	  decompose	  to	  hydroxyl	  radicals	  (⋅OH).	  	  These	  species	  are	  highly	  reactive	  and	  mediate	  protein	  damage	  when	  they	  are	  in	  excess.48	  	  An	  alternate	  pathway	  of	  H2O2	  elimination	  is	  by	  the	  action	  of	  catalase,	  found	  primarily	  in	  peroxisomes,	  which	  decomposes	  H2O2	  to	  water.	  Superoxide	  anion	  (⋅O2-­‐)	  can	  be	  generated	  by	  Nox2,	  leakage	  from	  the	  mitochondrial	  electron	  transport	  chain,	  or	  oxidases	  in	  the	  heart	  and	  vasculature.	  	  It	  can	  be	  dismutated	  to	  H2O2	  through	  the	  action	  of	  superoxide	  dismutase	  (SOD),	  or	  it	  can	  react	  with	  ⋅NO	  to	  form	  peroxynitrite	  (ONOO-­‐),	  thus	  decreasing	  ⋅NO’s	  bioavailability.	  	  In	  cardiovascular	  disease,	  levels	  of	  H2O2,	  ⋅O2-­‐,	  ⋅OH	  and	  ONOO-­‐	  are	  elevated	  while	  bioavailability	  of	  ⋅NO	  is	  decreased.	  In	  addition	  to	  SOD	  and	  catalase,	  the	  cell	  has	  redundant	  antioxidant	  systems.	  	  Peroxidases	  such	  as	  peroxiredoxin41	  catalyze	  the	  breakdown	  of	  H2O2,	  while	  the	  glutaredoxin	  and	  thioredoxin	  systems	  are	  mediators	  of	  enzymatic	  removal	  of	  OPTMs	  (specifically	  S-­‐glutathiolation)	  from	  cysteine	  thiol	  groups.	  	  Additionally,	  molecules	  such	  as	  GSH,	  vitamin	  C,	  vitamin	  E	  and	  vitamin	  A	  are	  important	  components	  of	  the	  cell’s	  antioxidant	  defense	  system,	  acting	  as	  free	  radical	  scavengers.	  A	  combination	  of	  animal	  and	  human	  studies	  suggest	  a	  central	  role	  for	  Noxs	  1,	  2	  and	  5	  in	  cardiovascular	  diseases	  such	  as	  hypertension49	  and	  atherosclerosis,46	  as	  well	  as	  uncontrolled	  growth	  and	  inflammation	  within	  the	  vasculature.	  	  Furthermore,	  NOX	  knockout	  mice	  appear	  to	  have	  fewer	  atherosclerotic	  lesions.50	  	  Meanwhile,	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emerging	  evidence	  suggests	  Nox4	  plays	  a	  largely	  protective	  role	  in	  the	  endothelium.51	  Given	  that	  the	  ER	  is	  the	  activation	  site	  for	  Nox4,	  and	  possibly	  also	  other	  forms	  of	  NADPH	  oxidase,	  the	  ER	  is	  also	  implicated	  as	  a	  critical	  mediator	  of	  redox	  balance	  in	  endothelial	  health	  and	  disease.52	  	  Disease-­‐induced	  dysregulation	  of	  redox	  status	  within	  the	  cell	  likely	  alters	  the	  signaling	  that	  influences	  RONS	  production	  and	  disposition	  (i.e.	  Ca2+	  and	  NOX).	  	  Because	  Ca2+	  and	  RONS	  initiate	  and/or	  regulate	  many	  signaling	  cascades	  important	  to	  physiological	  and	  pathological	  endothelial	  function,	  it	  follows	  that	  these	  factors	  will	  modulate	  pathways	  involved	  in	  cellular	  differentiation,	  proliferation,	  migration	  and	  survival.	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Figure	  2.	  	  RONS	  sources	  and	  disposition	  in	  the	  vasculature.	  	  Superoxide	  anion	  (O2-­‐)	  can	  be	  produced	  by	  Nox2,	  leakage	  from	  the	  mitochondrial	  electron	  transport	  chain,	  or	  other	  oxidases	  in	  the	  heart	  and	  vasculature.	  	  Hydrogen	  peroxide	  (H2O2)	  can	  be	  produced	  by	  Nox4,	  xanthine	  oxidase,	  as	  well	  as	  phagocytic	  immune	  cells.	  	  Additionally,	  the	  enzyme	  superoxide	  dismutase	  (SOD)	  can	  convert	  O2-­‐	  to	  H2O2.	  	  H2O2	  can	  be	  enzymatically	  decomposed	  to	  water	  (H2O)	  by	  catalase,	  or	  undergo	  a	  fenton	  reaction	  in	  the	  presence	  on	  iron	  (Fe(II))	  to	  produce	  extremely	  reactive	  hydroxyl	  radicals	  (OH).	  	  Nitric	  oxide	  (NO)	  is	  produced	  by	  nitric	  oxide	  synthases.	  	  In	  the	  presence	  of	  O2-­‐,	  NO	  is	  converted	  to	  peroxynitrite	  (ONOO-­‐).	  	  This	  reaction	  is	  rapid,	  limited	  only	  by	  the	  rate	  of	  diffusion.	  	  In	  cardiovascular	  disease,	  levels	  of	  O2-­‐,	  H2O2,	  OH	  and	  ONOO-­‐	  are	  increased	  while	  the	  bioavailability	  of	  NO	  is	  decreased.	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1.3.3.	  Oxidative	  stress	  When	  cellular	  oxidant	  and	  anti-­‐oxidant	  systems	  are	  out	  of	  balance,	  oxidative	  stress	  ensues.	  	  This	  pathological	  process	  in	  which	  intra-­‐	  and/or	  extra-­‐cellular	  oxidants	  are	  in	  excess	  leads	  to	  oxidation	  of	  lipids,	  proteins	  and	  DNA.53	  	  Lipid	  oxidation	  can	  lead	  to	  damage	  to	  phospholipids	  and	  other	  membrane	  lipids,	  thus	  altering	  membrane	  structure	  or	  function,	  and	  lipid	  peroxidation	  has	  been	  implicated	  in	  pathological	  processes	  as	  varied	  as	  degenerative	  ocular	  diseases	  (e.g.	  macular	  degeneration,	  cataracts,	  glaucoma,	  and	  diabetic	  retinopathy),54	  and	  gastrointestinal	  disease.55	  	  Furthermore,	  in	  inflammatory	  environments,	  reactive	  lipids	  can	  be	  adducted	  to	  proteins,	  causing	  irreversible	  oxidation	  of	  cysteine	  thiols,56	  and	  the	  exposure	  of	  many	  cell	  types	  to	  oxidized	  low	  density	  lipoproteins	  (LDLs)	  is	  associated	  with	  cellular	  dysfunction	  such	  as	  impaired	  migration	  or	  survival.57	  	  Whether	  there	  are	  lipid	  adducts	  on	  SERCA	  is	  not	  known.	  Oxidation	  of	  proteins	  can	  lead	  to	  increased	  susceptibility	  to	  fragmentation,	  degradation	  or	  altered	  functionality.	  	  For	  example,	  accumulation	  of	  advanced	  protein	  oxidation	  products	  (AOPPs),	  a	  marker	  of	  oxidative	  protein	  damage,	  has	  been	  demonstrated	  in	  patients	  with	  diabetes,	  chronic	  renal	  disease	  and	  inflammatory	  bowel	  disease	  (IBD).58	  	  In	  IBD,	  accumulation	  of	  AOPPs	  has	  been	  shown	  to	  induce	  intestinal	  epithelial	  cell	  death.58	  	  In	  diseased	  vasculature,	  chronically	  elevated	  levels	  of	  H2O2	  and	  ⋅O2-­‐,59-­‐62	  as	  well	  as	  decreased	  levels	  of	  intracellular	  glutathione	  and	  antioxidant	  enzymes,63	  result	  in	  irreversible	  oxidation	  of	  SERCA	  in	  multiple	  disease	  states,	  including	  diabetes,64,65	  atherosclerosis66	  	  and	  hypertension.67	  	  Finally,	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oxidative	  DNA	  damage	  can	  lead	  to	  genomic	  instability	  and	  the	  propagation	  of	  mutations,	  thus	  fueling	  malignancy.68	  	  When	  oxidative	  stress	  is	  severe	  or	  prolonged,	  cell	  death	  may	  ensue.	  While	  oxidative	  stress	  has	  been	  implicated	  in	  multiple	  disease	  processes,	  including	  neurodegeneration,69	  cancer,68	  obesity,70	  hyperlipidemia	  and	  cardiovascular	  disease,71	  it	  is	  believed	  that	  adaptive	  mechanisms	  can	  be	  upregulated	  in	  surviving	  cells	  exposed	  to	  chronically	  elevated	  RONS.	  	  These	  coping	  mechanisms	  include	  an	  upregulation	  of	  ROS	  scavenging	  systems.	  	  However,	  while	  these	  adaptations	  provide	  short	  term	  benefits	  by	  inhibiting	  apoptosis	  and	  promoting	  cell	  survival,	  they	  can	  also	  be	  detrimental.	  	  For	  example,	  in	  one	  study	  of	  WEHI7.2	  thymoma	  cells,	  overexpression	  of	  the	  antioxidant	  peroxiredoxin-­‐3	  protected	  cells	  against	  hypoxia-­‐induced	  elevations	  in	  H2O2	  and	  ⋅O2-­‐,	  thus	  promoting	  survival	  of	  cancer	  cells	  while	  non-­‐cancerous	  cells	  died.72	  	   1.3.4.	  Redox	  signaling	  in	  angiogenesis	  Mounting	  evidence	  suggests	  a	  critical	  role	  for	  RONS	  in	  endothelial	  cell	  signaling.	  	  Known	  as	  redox	  signaling,	  these	  highly	  coordinated	  processes	  have	  been	  shown	  to	  be	  important	  in	  both	  in	  vivo	  and	  in	  vitro	  models	  of	  angiogenesis.	  	  And	  although	  the	  flooding	  of	  vascular	  tissue	  with	  ROS	  during	  severe	  acute	  ischemia	  is	  responsible	  for	  significant	  tissue	  damage,	  these	  same	  ROS	  may	  potentiate	  repair.	  	  Under	  normal	  conditions,	  physiological	  levels	  of	  RONS	  participate	  in	  cell	  signaling	  by	  introducing	  reversible	  modifications	  of	  proteins	  at	  low	  pKa	  cysteine	  thiols	  that	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initiate	  signal	  transduction.	  	  Through	  coordination	  of	  kinase	  activation,	  phosphatase	  inhibition	  and	  regulation	  of	  proteases	  such	  as	  matrix	  metalloproteinases,	  RONS	  can	  activate	  signaling	  pathways	  important	  for	  cell	  proliferation,	  differentiation	  and	  survival.68	  	   Both	  intra-­‐	  and	  extra-­‐cellular	  RONS	  are	  now	  believed	  to	  regulate	  several	  key	  angiogenic	  players,	  namely	  extracellular	  signal-­‐regulated	  kinases	  (ERKs),	  MAPKs,	  phosphoinositide	  3-­‐kinases	  (PI3Ks)	  and	  several	  key	  transcription	  factors,	  including	  the	  hypoxia-­‐inducible	  factors	  (HIFs).73	  	  These	  proteins	  take	  part	  in	  cell	  proliferation,	  growth	  and	  survival	  pathways,	  and	  their	  dysregulation	  can	  lead	  either	  to	  unchecked	  growth	  or	  cell	  cycle	  arrest.74	  	  As	  examples,	  ROS	  can	  promote	  ERK	  activation	  by	  inhibiting	  phosphatases	  that	  dephosphorylate	  it.68	  	  In	  the	  PI3K	  pathway,	  H2O2	  can	  inactivate	  phosphatase	  and	  tensin	  homolog	  (PTEN),	  a	  negative	  regulator	  of	  PI3K	  signaling,	  by	  promoting	  disulfide	  bond	  formation	  between	  an	  active	  site	  and	  neighboring	  cysteine	  (Cys124	  and	  Cys71,	  respectively).68	  	  	  Given	  the	  importance	  of	  ischemia/hypoxia	  for	  stimulating	  the	  pro-­‐angiogenic	  VEGF	  pathway	  and	  promoting	  angiogenesis,	  many	  studies	  have	  been	  carried	  out	  using	  these	  in	  vivo	  and	  in	  vitro	  stimuli.	  	  It	  has	  been	  found	  that	  under	  hypoxic	  conditions,	  RONS	  generation	  is	  upregulated.39	  	  One	  study	  of	  human	  umbilical	  vein	  endothelial	  cells	  (HUVECs)	  demonstrated	  an	  increase	  in	  both	  cytoplasmic	  ROS	  and	  GST	  activity	  when	  cells	  were	  exposed	  to	  hypoxia.	  	  The	  increase	  in	  ROS	  likely	  occurs,	  in	  part,	  through	  an	  upregulation	  of	  NOX	  expression.	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Nox4	  is	  highly	  expressed	  in	  the	  endothelium,	  but	  we	  are	  only	  beginning	  to	  understand	  its	  specific	  roles.	  	  For	  example,	  in	  cultured	  human	  aortic	  endothelial	  cells	  (HAECs),	  there	  is	  a	  time-­‐dependent	  upregulation	  of	  Nox4	  expression	  in	  response	  to	  hypoxia.75	  	  Similarly,	  hind	  limb	  ischemia	  in	  vivo	  in	  mice	  led	  to	  an	  increase	  in	  Nox4	  mRNA	  expression	  as	  well	  as	  protein	  levels	  in	  whole	  ischemic	  muscle	  tissue.75	  	  Furthermore,	  Nox4	  expression	  has	  been	  correlated	  with	  pro-­‐angiogenic	  endothelial	  cell	  behaviors.	  	  For	  example,	  adenovirally	  mediated	  overexpression	  of	  Nox4	  in	  HAECs	  leads	  to	  enhanced	  endothelial	  cell	  network	  formation	  as	  well	  as	  migration	  into	  a	  monolayer	  scratch	  wound.75	  	  Meanwhile,	  catalase,	  which	  decomposes	  the	  H2O2	  product	  of	  Nox4	  to	  water,	  attenuates	  the	  effect	  of	  Nox4	  overexpression	  on	  endothelial	  network	  formation.75	  	  In	  vivo,	  mice	  with	  endothelium-­‐specific	  overexpression	  of	  Nox4	  demonstrate	  enhanced	  blood	  flow	  recovery	  following	  hind	  limb	  ischemia.75	  One	  possible	  mechanism	  of	  Nox4-­‐mediated	  enhancement	  of	  angiogenic	  potential	  is	  through	  SERCA.	  	  In	  our	  recent	  publication,	  we	  demonstrated	  a	  required	  role	  for	  both	  Nox2-­‐	  and	  Nox4-­‐generated	  oxidants	  in	  endothelial	  cell	  SERCA	  glutathiolation	  and	  angiogenic	  behavior.76	  	  Similar	  to	  the	  effects	  of	  VEGF,	  we	  found	  that	  H2O2	  induced	  SERCA	  glutathiolation	  and	  Ca2+	  influx,	  while	  increasing	  migration	  of	  HAECs	  in	  a	  monolayer	  scratch	  wound	  assay.	  	  Adenovirally	  mediated	  overexpression	  of	  SOD	  and	  catalase	  inhibited	  both	  VEGF-­‐	  and	  H2O2-­‐induced	  migration	  and	  Ca2+	  influx.	  	  Yet	  while	  knockdown	  of	  both	  Nox2	  and	  Nox4	  inhibited	  VEGF-­‐induced	  SERCA	  glutathiolation,	  Ca2+	  influx	  and	  endothelial	  cell	  migration,	  the	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Nox4	  deficiency	  could	  be	  overcome	  by	  administration	  of	  H2O2.	  	  Similar	  to	  the	  effect	  of	  NOX	  knockdown,	  overexpression	  of	  a	  redox	  dead	  SERCA	  2	  C674S	  mutant	  inhibited	  HAEC	  migration	  and	  H2O2-­‐induced	  Ca2+	  influx	  compared	  to	  cells	  overexpression	  WT	  SERCA	  2.	  	  Taken	  together,	  these	  data	  suggested	  a	  required	  role	  for	  NOX-­‐derived	  oxidants,	  particularly	  H2O2,	  to	  stimulate	  SERCA	  2	  C674	  in	  endothelial	  cells	  and	  promote	  pro-­‐angiogenic	  behavior	  in	  vitro.76	  Notably,	  there	  also	  appears	  to	  be	  a	  direct	  link	  between	  Nox4	  and	  eNOS	  expression	  and	  activity,	  adding	  another	  facet	  to	  the	  impact	  of	  redox	  signaling	  on	  angiogenesis.75	  	  It	  is	  known	  that	  eNOS	  is	  a	  critical	  mediator	  of	  angiogenesis,	  and	  eNOS	  deficient	  mice	  have	  severely	  impaired	  blood	  flow	  recovery	  in	  response	  to	  hind	  limb	  ischemia.77	  	  Nox4	  overexpression	  increases	  total	  eNOS	  protein	  levels	  with	  a	  concomitant	  increase	  in	  eNOS	  phosphorylation.	  	  Nox4	  apparently	  also	  mediates	  eNOS	  phosphorylation	  under	  hypoxic	  conditions,	  as	  Nox4	  knockdown	  impairs	  hypoxia-­‐induced	  eNOS	  phosphorylation.	  	  Furthermore,	  eNOS	  is	  required	  for	  mediating	  the	  overall	  positive	  effect	  of	  Nox4	  on	  angiogenesis.	  	  When	  eNOS-­‐/-­‐	  mice	  are	  crossed	  with	  transgenic	  Nox4	  overexpressing	  mice,	  the	  Nox4-­‐induced	  improvement	  in	  blood	  flow	  recovery	  following	  hind	  limb	  ischemia	  is	  ablated.75	  Taken	  together,	  these	  data	  suggest	  that	  RONS	  are	  key	  players	  in	  angiogenic	  signaling.	  	  Under	  ischemic	  conditions,	  RONS	  production	  is	  upregulated	  by	  Nox4	  and	  eNOS,	  among	  many	  other	  factors.	  	  RONS	  in	  turn	  induce	  modifications	  of	  important	  signaling	  proteins,	  such	  as	  ERKs,	  MAPKs	  and	  PI3Ks	  that	  regulate	  cell	  proliferation,	  differentiation,	  motility	  and	  survival.	  	  While	  many	  of	  the	  important	  redox	  targets	  are	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likely	  still	  unknown,	  the	  focus	  of	  this	  thesis	  is	  the	  novel	  role	  of	  SERCA	  2	  in	  endothelial	  redox	  signaling	  required	  for	  angiogenesis.	  	  
1.4.	  Sarco/endoplasmic	  reticulum	  Ca2+	  ATPase	  	   1.4.1.	  Overview	  of	  SERCA	  function	  and	  distribution	  SERCA	  is	  a	  P-­‐type	  Ca2+	  ATPase	  that	  is	  a	  critical	  SR/ER	  Ca2+-­‐handling	  protein	  (Figure	  3).	  	  It	  catalyzes	  the	  hydrolysis	  of	  ATP	  and	  couples	  it	  to	  the	  translocation	  of	  free	  cytosolic	  Ca2+	  into	  SR/ER	  stores.3	  	  This	  97–115	  kDa	  membrane	  protein	  is	  expressed	  in	  the	  SR/ER	  of	  all	  cells	  in	  the	  body	  as	  the	  product	  of	  3	  genes	  (ATP2A1=SERCA	  1,	  ATP2A2=SERCA2a	  and	  2b	  alternative	  splice	  variants,	  and	  ATP2A3=SERCA3).3	  	  Expression	  patterns	  vary	  among	  cell	  types.	  	  SERCA	  1	  is	  expressed	  in	  type	  II	  skeletal	  muscle	  as	  well	  as	  fetal	  tissues.	  	  SERCA	  2	  is	  expressed	  in	  type	  I	  skeletal	  muscle,	  the	  heart,	  smooth	  muscle	  and	  non-­‐muscle	  cells.	  	  While	  SERCA	  2a	  is	  the	  slow,	  cardiac	  form,	  SERCA	  2b	  is	  expressed	  in	  all	  cells	  of	  the	  body.	  	  SERCA	  3	  is	  expressed	  in	  the	  epithelium,	  endothelium,	  hematopoietic	  cells	  and	  fibroblasts.	  	  While	  much	  of	  the	  current	  literature	  focuses	  on	  the	  role	  of	  SERCA	  3	  in	  the	  endothelium,	  data	  presented	  here	  will	  suggest	  a	  critical	  role	  for	  SERCA	  2	  in	  pro-­‐angiogenic	  endothelial	  function.	  SERCA	  plays	  multiple	  roles	  within	  the	  cardiovascular	  system.66	  	  As	  a	  key	  regulator	  of	  Ca2+	  homeostasis,	  SERCA	  is	  important	  for	  modulating	  vascular	  tone	  and	  function	  and	  cardiac	  function.78	  	  In	  non-­‐contractile	  cells,	  such	  as	  proliferating	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smooth	  muscle	  cells	  or	  endothelium,	  SERCA	  regulates	  many	  other	  cellular	  processes,	  including	  cell	  growth,	  apoptosis,	  migration	  and	  even	  platelet	  aggregation.66	  	  Though	  it	  is	  not	  yet	  possible	  to	  gauge	  the	  full	  consequences	  of	  abnormalities	  in	  the	  SERCA	  protein,	  it	  is	  known	  that	  a	  minimal	  level	  of	  SERCA	  activity	  is	  required	  for	  cardiovascular	  health,	  as	  complete	  loss	  of	  SERCA	  2	  has	  been	  shown	  to	  promote	  both	  systolic	  and	  diastolic	  cardiac	  dysfunction	  within	  one	  month	  and	  congestive	  heart	  failure	  within	  7	  weeks	  in	  conditional	  knockout	  mice.79,80	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Figure	  3.	  	  SERCA	  2	  secondary	  and	  putative	  tertiary	  structure.	  	  Amino	  acid	  residues	  are	  represented	  by	  circles	  containing	  a	  single-­‐letter	  code.	  	  M1-­‐11	  denotes	  membrane-­‐spanning	  helices.	  	  SERCA	  2a	  and	  2b	  alternative	  splice	  variants	  are	  represented	  as	  purple	  and	  green	  tails,	  respectively.	  	  The	  first	  993	  amino	  acids	  are	  identical,	  and	  SERCA	  2a	  and	  2b	  differ	  only	  at	  the	  C-­‐terminus.	  	  C	  =	  Cytosol;	  M	  =	  Membrane;	  L	  =	  ER	  Lumen.	  	  A	  domain	  =	  Actuator	  domain	  (teal);	  P	  domain	  =	  phosphorylation	  domain	  (black);	  N	  domain	  =	  ATP-­‐binding	  domain.	  	  C674	  is	  located	  in	  the	  hinge	  region	  of	  the	  protein	  (arrow).	  	  Figure	  adapted	  from	  Dode	  et	  al.,	  JBC,	  
2003.172	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1.4.2.	  SERCA	  regulation	  by	  oxidative	  post-­‐translational	  modification	  SERCA	  is	  a	  redox–regulated	  protein,	  and	  it	  is	  susceptible	  to	  both	  stimulatory	  and	  inhibitory	  oxidative	  post-­‐translational	  modification	  (OPTM).66,81	  	  The	  focus	  of	  the	  present	  work	  is	  oxidation	  of	  SERCA	  2	  cysteine	  674	  (C674)	  by	  physiological	  levels	  of	  ⋅NO,	  a	  key	  signaling	  molecule	  in	  the	  cardiovascular	  system.	  	  ⋅NO	  causes	  reversible	  oxidative	  modification	  of	  SERCA	  thiols	  by	  introducing	  glutathione	  adducts.66	  	  This	  was	  first	  demonstrated	  in	  2004	  when	  purified	  rabbit	  heart	  SERCA	  reconstituted	  in	  lipid	  membrane	  vesicles,	  as	  well	  as	  pig	  aorta	  homogenates,	  could	  be	  stimulated	  by	  low	  (µM)	  concentrations	  of	  ⋅NO-­‐derived	  ONOO-­‐	  to	  enhance	  ATP-­‐dependent	  Ca2+	  uptake	  activity,	  which	  results	  in	  rapid	  reductions	  in	  cytoplasmic	  Ca2+	  concentration.	  	  In	  this	  in	  vitro	  system,	  ONOO-­‐	  could	  only	  stimulate	  SERCA	  in	  the	  presence	  of	  glutathione,	  and	  resulted	  in	  an	  increase	  in	  glutathione	  adducts	  on	  the	  protein.	  	  The	  requirement	  for	  the	  C674	  thiol	  was	  established	  in	  two	  ways.	  	  First,	  in	  HEK293	  cells,	  compared	  to	  overexpression	  of	  WT	  SERCA,	  mutation	  of	  the	  reactive	  C674	  to	  serine	  (C674S)	  abolished	  the	  effect	  of	  ONOO-­‐.	  	  Then,	  it	  was	  demonstrated	  by	  MALDI-­‐TOF	  mass	  spectrometry	  that	  most	  of	  the	  reactive	  SERCA	  C674	  was	  irreversibly	  oxidized	  to	  C674-­‐SO3	  in	  atherosclerotic	  aortas,	  and	  this	  modification	  was	  accompanied	  by	  failure	  of	  ⋅NO-­‐induced	  SERCA	  glutathiolation,	  activation	  of	  Ca2+	  uptake,	  and	  vessel	  relaxation.	  	  These	  data	  indicate	  that	  ONOO-­‐	  directly	  targets	  reactive	  cysteines	  on	  SERCA	  to	  react	  with	  glutathione	  and	  increase	  activity.	  	  Importantly,	  S-­‐glutathiolation	  is	  not	  known	  to	  directly	  affect	  SERCA’s	  Ca2+	  handling,	  but	  rather	  it	  affects	  the	  regulation	  of	  these	  processes.	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Maximal	  SERCA	  activation	  by	  S-­‐glutathiolation	  can	  have	  both	  positive	  and	  negative	  regulatory	  consequences	  depending	  on	  the	  cell	  type.	  	  In	  endothelial	  cells	  in	  
vitro,	  SERCA	  activation	  promotes	  angiogenic	  responses,81	  while	  in	  vascular	  smooth	  muscle	  cells,	  ⋅NO-­‐induced	  SERCA	  activation	  inhibits	  migration	  following	  arterial	  injury.40	  	  While	  the	  SERCA	  protein	  contains	  several	  reactive	  cysteines,	  C674	  is	  the	  most	  reactive,82	  and	  most,	  though	  not	  all,	  of	  the	  glutathiolation	  occurs	  at	  this	  site.83	  	  The	  reactivity	  of	  this	  thiol	  group	  is	  attributed	  to	  it	  being	  surrounded	  by	  several	  positively	  charged	  arginine	  residues,	  which	  stabilize	  the	  thiol	  group	  as	  a	  thiolate	  anion	  (-­‐S-­‐),	  one	  of	  the	  most	  potent	  nucleophiles	  in	  the	  cell.	  	  Additionally,	  as	  C674	  is	  in	  the	  hinge	  domain	  of	  the	  protein	  (Figure	  3),	  S-­‐glutathione	  adducts	  could	  affect	  the	  protein	  structure	  to	  accomplish	  its	  regulatory	  function.	  Reversible	  S-­‐glutathiolation	  of	  SERCA	  C674	  is	  a	  key	  signal	  regulating	  SERCA	  activity	  under	  physiological	  conditions.66	  	  However,	  diseased	  vasculature	  contains	  chronically	  elevated	  levels	  of	  the	  ROS	  H2O2	  and	  ⋅O2-­‐,84-­‐87	  as	  well	  as	  decreased	  levels	  of	  intracellular	  glutathione	  and	  antioxidant	  enzymes,88	  resulting	  in	  irreversible	  oxidation	  at	  the	  sensitive	  C674	  thiol	  in	  multiple	  disease	  states,	  including	  diabetes,64,65	  atherosclerosis66	  and	  hypertension.67	  Upon	  irreversible	  oxidation	  of	  SERCA	  cysteine	  thiol	  groups,	  the	  protein	  can	  no	  longer	  be	  maximally	  stimulated	  by	  ⋅NO,	  which	  is	  indicative	  of	  impaired	  redox	  regulation.	  	  This	  oxidative	  inactivation	  has	  been	  implicated	  in	  dysregulation	  of	  multiple	  cellular	  processes	  which	  may	  contribute	  to	  restenosis	  of	  vessels	  following	  surgical	  interventions,	  thrombosis,	  abnormal	  angiogenesis	  and	  heart	  failure.78	  	  It	  is	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well	  known	  that	  ⋅NO	  bioactivity	  is	  impaired	  in	  cardiovascular	  disease	  states	  due	  to	  reaction	  with	  and	  sequestration	  by	  other	  ROS,	  and	  new	  data	  described	  in	  this	  work	  suggest	  this	  may	  lead	  to	  impaired	  SERCA	  glutathiolation.	  	  Thus,	  there	  are	  potentially	  dual	  mechanisms	  of	  impaired	  SERCA	  function	  under	  conditions	  of	  oxidant	  stress:	  decreased	  ⋅NO	  availability	  to	  glutathiolate	  SERCA,	  and	  decreased	  reactivity	  of	  SERCA	  C674	  due	  to	  irreversible	  oxidation	  of	  the	  thiol	  group.	  	  However,	  causal	  relationships	  have	  not	  yet	  been	  established,	  and	  whether	  irreversible	  oxidation	  is	  merely	  a	  sign	  of	  disease,	  or	  rather	  it	  is	  mechanistically	  important	  and	  either	  a	  possible	  mediator	  of	  pathological	  function	  or	  a	  modulator	  of	  disease	  response,	  has	  not	  been	  determined.	  	  A	  next	  crucial	  step	  is	  establishing	  causal	  relationships	  between	  S-­‐glutathiolation	  and	  human	  disease.	  To	  determine	  what	  role	  irreversible	  C674	  thiol	  oxidation	  plays	  in	  the	  mechanisms	  of	  vascular	  disease,	  a	  SERCA	  2	  C674S	  knock-­‐in	  (SKI)	  mouse,	  which	  lacks	  the	  key	  thiol	  and	  is	  thus	  unable	  to	  be	  activated	  by	  glutathiolation	  was	  used.	  	  The	  present	  work	  shows	  for	  the	  first	  time	  that	  SERCA	  2	  C674	  is	  irreversibly	  oxidized,	  particularly	  in	  the	  microvascular	  endothelium,	  under	  ischemic	  conditions	  induced	  by	  femoral	  artery	  ligation	  in	  mice.	  	  The	  aims	  of	  this	  thesis	  will	  examine	  the	  consequences	  of	  impaired	  glutathiolation	  at	  SERCA	  C674	  for	  endothelial	  cell	  function	  and	  angiogenesis,	  and	  investigate	  altered	  Ca2+	  homeostasis	  and	  ER	  stress	  as	  potential	  mechanisms	  of	  SERCA-­‐mediated	  cardiovascular	  disease.	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1.5.	  Endothelial	  cell	  Ca2+	  homeostasis	  While	  the	  importance	  of	  Ca2+	  in	  the	  functioning	  and	  homeostatic	  mechanisms	  of	  many	  cell	  types	  is	  widely	  accepted,	  the	  specific	  role	  of	  Ca2+	  in	  regulating	  endothelial	  cell	  behavior	  is	  less	  well	  defined.	  	  Furthermore,	  appropriate	  control	  of	  Ca2+	  flux	  within	  endothelial	  cells	  has	  only	  just	  begun	  to	  be	  linked	  to	  redox	  signaling,	  both	  of	  which	  have	  phenotypic	  consequences.	  	  The	  following	  sections	  will	  explore	  several	  aspects	  of	  the	  current	  state	  of	  the	  field	  of	  endothelial	  cell	  Ca2+	  regulation,	  and	  its	  potential	  import	  for	  the	  angiogenic	  process.	  	   1.5.1.	  Endoplasmic	  reticulum	  Structure	  and	  Function	  The	  ER	  is	  a	  complex	  organelle	  that	  serves	  many	  critical	  cell	  functions.	  	  It	  is	  structured	  as	  an	  interconnected	  network	  of	  tubules,	  vesicles	  and	  flattened	  sacs,	  and	  is	  classified	  as	  either	  rough	  endoplasmic	  reticulum	  (RER)	  or	  smooth	  endoplasmic	  reticulum	  (SER).90,91	  	  The	  cytosolic	  surface	  of	  RER,	  which	  is	  localized	  in	  the	  perinuclear	  region,	  is	  studded	  with	  ribosomes	  that	  form	  granules	  to	  give	  it	  its	  rough	  appearance.	  	  The	  membrane	  on	  the	  nuclear	  side	  of	  the	  RER	  is	  a	  continuation	  of	  outer	  nuclear	  membrane.	  	  mRNA	  exported	  from	  the	  nucleus	  is	  assembled	  on	  ribosomes	  and	  labeled	  with	  specific	  amino	  acid	  sequences	  which	  allow	  ribosomal	  recognition	  and	  binding	  to	  the	  RER,	  which	  enables	  insertion	  of	  the	  new	  protein	  into	  the	  ER	  where	  it	  obtains	  its	  tertiary	  structure.	  	  After	  folding	  and	  maturation,	  a	  vesicle	  from	  the	  RER	  membrane	  buds	  and	  breaks	  off	  to	  shuttle	  the	  protein	  to	  the	  Golgi	  apparatus	  or	  cell	  membrane.	  	  Unlike	  the	  RER,	  the	  SER	  has	  a	  tubular	  structure	  that	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lacks	  ribosomal	  attachments.	  	  Its	  major	  functions	  are	  synthesis	  of	  lipids	  and	  membrane	  proteins,	  regulation	  of	  Ca2+	  stores,	  and	  detoxification	  of	  drugs	  and	  alcohols.	  	  The	  SER	  also	  contains	  glucose-­‐6	  phosphatase	  and	  is	  involved	  in	  gluconeogenesis.	  	  SER	  is	  found	  in	  both	  smooth	  and	  striated	  muscle,	  where	  it	  is	  called	  sarcoplasmic	  reticulum	  (SR).	  	   1.5.2.	  Endoplasmic	  reticulum	  Ca2+	  storage	  In	  addition	  to	  being	  the	  site	  of	  protein	  synthesis,	  folding	  and	  post-­‐translational	  modification,	  its	  roles	  in	  lipid	  and	  sterol	  biosynthesis,92	  and	  its	  more	  newly	  recognized	  role	  in	  redox	  signaling,52	  the	  ER	  is	  also	  the	  major	  intracellular	  Ca2+	  storage	  site.	  	  It	  is	  a	  dynamic	  regulator	  of	  Ca2+,	  balancing	  Ca2+	  storage,	  release,	  and	  reuptake	  through	  luminal	  Ca2+-­‐binding	  proteins,	  ER	  Ca2+	  release	  channels	  and	  SERCA	  pumps	  respectively.	  	  Within	  the	  ER,	  Ca2+	  exists	  as	  both	  a	  free	  ion	  and	  in	  a	  protein-­‐bound	  form,	  and	  store	  Ca2+	  levels	  are	  “sensed”	  by	  STIM1,	  an	  ER	  membrane	  protein	  that	  can	  regulate	  Ca2+	  release	  activated	  Ca2+	  channels	  (CRAC)	  in	  the	  plasma	  membrane.93	  The	  total	  Ca2+	  concentration	  is	  approximately	  2	  mM,	  while	  the	  free	  concentration	  is	  estimated	  to	  oscillate	  between	  50	  and	  500	  µM.	  	  These	  concentrations	  are	  many	  fold	  greater	  than	  the	  free	  cytoplasmic	  Ca2+	  concentration,	  which	  is	  approximately	  100	  nM.	  	  The	  extracellular	  Ca2+	  concentration	  is	  approximately	  2mM.94	  Bound	  Ca2+	  is	  sequestered	  in	  the	  ER	  by	  a	  multitude	  of	  Ca2+	  binding	  proteins	  which	  vary	  in	  affinity	  and	  capacity.	  	  They	  include	  glucose-­‐regulated	  protein	  94	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(Grp94),	  BiP	  (Grp78),	  calnexin,	  PDI	  and	  calreticulin	  among	  many	  others.	  	  Despite	  having	  relatively	  low	  binding	  capacity	  (1-­‐2	  moles	  of	  Ca2+	  per	  mole	  of	  protein),	  BiP	  is	  responsible	  for	  approximately	  25%	  of	  the	  ER’s	  Ca2+	  binding	  capacity.95	  	  In	  contrast	  to	  BiP,	  Grp94	  has	  a	  very	  high	  Ca2+	  binding	  capacity,	  with	  a	  combination	  of	  moderate-­‐affinity	  sites	  with	  low	  capacity	  and	  low	  affinity	  sites	  with	  high	  capacity,	  and	  is	  one	  of	  the	  most	  abundant	  Ca2+	  binding	  proteins	  in	  the	  ER.96	  	  Calnexin	  is	  a	  Ca2+-­‐dependent	  chaperone	  that	  is	  especially	  important	  to	  the	  folding	  of	  glycosylated	  proteins,92	  and	  participates	  in	  NOX	  processing	  in	  the	  ER.52	  	  PDI	  is	  an	  oxidoreductase,	  a	  multifunctional	  protein	  that	  catalyzes	  the	  formation,	  breakage	  and	  rearrangement	  of	  disulfide	  bonds.97	  	  It	  binds	  Ca2+	  in	  the	  ER	  lumen	  with	  weak	  affinity	  but	  very	  high	  capacity	  at	  19	  moles	  of	  Ca2+	  for	  every	  mole	  of	  protein.92	  	  	  Interestingly,	  like	  calnexin,	  PDI	  is	  a	  folding	  chaperone	  that	  interacts	  with	  NOXs.	  	  It	  has	  been	  shown	  to	  promote	  growth	  factor-­‐dependent	  Nox1	  activation,	  and	  PDI	  overexpression	  can	  actually	  lead	  to	  spontaneous	  NOX	  activation.52	  	  	  A	  major	  focus	  of	  the	  present	  work	  is	  the	  effect	  of	  calreticulin.	  	  Calreticulin	  is	  a	  multifunctional	  Ca2+	  binding	  and	  storage	  protein	  residing	  in	  the	  ER	  lumen.	  	  It	  binds	  Ca2+	  with	  low	  affinity	  but	  very	  high	  capacity,	  and	  is	  believed	  to	  act	  as	  a	  protein	  folding	  chaperone.	  	  It	  binds	  misfolded	  proteins	  and	  prevents	  their	  export	  from	  the	  ER	  to	  the	  Golgi	  apparatus.	  	  Calreticulin	  is	  also	  believed	  to	  play	  an	  important	  role	  in	  Ca2+	  signaling	  in	  the	  ER	  lumen	  in	  addition	  to	  regulating	  Ca2+-­‐dependent	  transcriptional	  pathways	  during	  embryonic	  development.	  	  Furthermore,	  in	  addition	  to	  being	  responsible	  for	  Ca2+	  sequestration	  in	  the	  ER,	  calretculin	  is	  also	  dependent	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on	  the	  presence	  of	  ER	  Ca2+	  for	  its	  existence	  in	  this	  location.	  	  When	  the	  ER	  luminal	  Ca2+	  concentration	  dips	  below	  approximately	  100	  µM,	  calreticulin	  is	  rapidly	  degraded	  by	  trypsin.	  	  In	  contrast,	  high	  luminal	  Ca2+	  concentrations	  (>500	  µM)	  cause	  calreticulin	  to	  form	  a	  protease-­‐resistant	  core.98	  	  Given	  the	  chaperone	  roles	  of	  the	  Ca2+	  binding	  proteins	  mentioned	  above,	  and	  their	  dependence	  on	  high	  ER	  Ca2+	  levels	  for	  their	  stability	  and	  function,	  it	  is	  not	  surprising	  that	  many	  of	  these	  important	  ER	  Ca2+	  binding	  proteins	  are	  also	  critically	  involved	  in	  the	  ER	  stress	  response	  (see	  below).	  	   1.5.3.	  Ca2+	  flux	  and	  signaling	  Ca2+	  is	  a	  versatile	  molecule	  that	  participates	  in	  intracellular	  signaling	  by	  acting	  as	  a	  diffusible	  second	  messenger	  for	  a	  wide	  variety	  of	  mechanical	  stimuli99	  as	  well	  as	  growth	  factor	  signaling.	  	  As	  shown	  in	  Figure	  4,	  Ca2+	  is	  released	  from	  the	  ER	  through	  two	  channels:	  the	  ryanodine	  receptor	  channel	  and	  the	  IP3	  receptor	  channel.100	  	  The	  ryanodine	  receptor	  channel	  is	  known	  to	  be	  redox	  regulated	  by	  S-­‐glutathiolation.101	  	  IP3	  receptors	  are	  also	  thought	  to	  be	  redox	  regulated	  directly102	  as	  well	  as	  indirectly	  by	  other	  redox-­‐sensitive	  proteins.103	  	  Intracellular	  Ca2+	  can	  also	  be	  released	  at	  the	  plasma	  membrane	  to	  the	  extracellular	  space	  by	  the	  Na+/Ca2+	  exchanger	  and	  the	  plasma	  membrane	  Ca2+	  ATPase	  (PMCA).104	  	  Ca2+	  from	  the	  extracellular	  space	  can	  enter	  cells	  through	  voltage-­‐operated	  Ca2+	  channels	  (VOCC),	  receptor-­‐operated	  Ca2+	  channels	  (ROCC)	  and	  channels	  mediating	  store-­‐operated	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Ca2+	  entry	  (SOCE)	  such	  as	  Orai1,	  which	  has	  recently	  been	  shown	  to	  have	  redox-­‐sensitive	  reactive	  cysteines.105	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Figure	  4.	  	  Endothelial	  cell	  Ca2+	  handling.	  	  Schematic	  of	  selected	  key	  Ca2+	  handling	  proteins.	  	  Green	  proteins	  pump	  Ca2+	  into	  the	  cytosol.	  	  Orange	  proteins	  pump	  Ca2+	  out	  of	  the	  cytosol,	  either	  into	  the	  extracellular	  space	  or	  into	  the	  ER.	  	  The	  Na+/Ca2+	  exchanger	  is	  an	  antiporter	  membrane	  protein	  that	  uses	  the	  large	  electrochemical	  gradient	  of	  Na+	  in	  the	  extracellular	  space	  to	  provide	  energy	  for	  the	  transport	  of	  Ca2+	  outside	  the	  cell	  as	  Na+	  flows	  down	  its	  concentration	  gradient	  into	  the	  cell.	  	  The	  plasma	  membrane	  Ca2+	  ATPase	  relies	  on	  ATP	  hydrolysis	  in	  a	  1:1	  stoichiometry	  to	  pump	  Ca2+	  against	  its	  large	  electrochemical	  gradient	  from	  the	  cytosol	  into	  the	  extracellular	  space.	  	  Ca2+	  is	  pumped	  into	  the	  ER	  by	  SERCA,	  and	  released	  from	  the	  ER	  through	  two	  channels:	  the	  ryanodine	  receptor	  (RyR)	  channel	  and	  the	  IP3	  receptor	  channel.	  	  ER	  Ca2+	  store	  depletion	  is	  sensed	  by	  stromal	  interaction	  molecule	  1	  (Stim1).	  	  When	  Stim1	  is	  activated,	  it	  oligomerizes,	  translocates	  into	  discrete	  junctions	  near	  the	  plasma	  membrane,	  and	  subsequently	  activates	  the	  Ca2+	  release-­‐activated	  Ca2+	  channel	  protein	  1	  (Orai1)	  channel.	  	  Thus,	  Orai1	  is	  a	  store-­‐operated	  Ca2+	  entry	  channel	  that	  allows	  Ca2+	  to	  enter	  the	  cytosol	  from	  the	  extracellular	  space.	  	  The	  Na+/Ca2+	  exchanger	  and	  PMCA	  are	  the	  key	  proteins	  regulating	  cytosolic	  Ca2+	  concentration,	  while	  SERCA	  is	  the	  key	  protein	  regulating	  ER	  Ca2+	  concentration.	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In	  addition	  to	  the	  complex	  control	  of	  Ca2+	  flux	  within	  and	  from	  individual	  endothelial	  cells,	  Ca2+	  signals	  can	  be	  propagated	  in	  outwardly	  radiating	  waves	  across	  an	  entire	  endothelial	  monolayer.	  	  In	  one	  study	  evaluating	  the	  mechanosensitivity	  of	  endothelial	  cells,	  it	  was	  shown	  that,	  upon	  mechanical	  stimulation	  with	  a	  microprobe,	  Ca2+	  waves	  can	  travel	  from	  one	  cell	  to	  adjacent	  unstimulated	  cells.	  	  Interestingly,	  in	  the	  absence	  of	  extracellular	  Ca2+,	  the	  initially	  stimulated	  cell	  fails	  to	  have	  an	  intracellular	  Ca2+	  rise,	  but	  still	  propagates	  the	  signal	  to	  neighboring	  cells,	  suggesting	  that	  the	  temporospatial	  dynamics	  of	  intercellular	  Ca2+	  signaling	  may	  be	  regulated	  by	  a	  diffusible	  substance	  other	  than	  Ca2+.99	  In	  the	  context	  of	  angiogenesis,	  VEGF	  signaling	  intimately	  involves	  Ca2+.17	  	  Upon	  VEGF	  receptor	  binding,	  intracellular	  Ca2+	  and	  IP3	  levels	  rapidly	  increase	  in	  endothelial	  cells.	  	  IP3	  is	  a	  freely	  diffusible	  second	  messenger	  that	  activates	  IP3	  receptors	  on	  the	  ER	  surface,	  stimulating	  Ca2+	  store	  release	  from	  these	  channels.	  	  The	  Ca2+-­‐induced	  Ca2+	  release	  then	  activates	  other	  targets	  such	  as	  protein	  kinase	  C	  (PKC).	  	  Once	  activated	  PKC	  binds	  diacylglycerol	  (DAG)	  and	  is	  recruited	  to	  the	  plasma	  membrane	  where	  it	  can	  mediate	  ERK/MAP	  kinase	  signaling.	  Also	  part	  of	  the	  VEGF	  signaling	  pathway,	  eNOS,	  the	  product	  of	  which	  supports	  vascular	  function	  by	  modulating	  vascular	  tone	  and	  helping	  to	  maintain	  endothelial	  cell	  homeostasis,	  is	  a	  Ca2+-­‐calmodulin-­‐dependent	  enzyme	  critically	  implicated	  in	  pro-­‐angiogenic	  signaling.106,107	  	  eNOS	  activation	  is	  greatest	  when	  its	  phosphorylation	  at	  specific	  serine	  and	  threonine	  residues	  is	  accompanied	  by	  a	  rise	  in	  cytosolic	  Ca2+.108	  	  This	  may	  explain	  why	  VEGF	  stimulation,	  which	  induces	  a	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cytosolic	  Ca2+	  rise,	  promotes	  eNOS	  activation.	  	  Furthermore,	  in	  intact	  cells,	  while	  the	  original	  agonist-­‐stimulated	  cytoplasmic	  Ca2+	  rise	  promotes	  initial	  eNOS	  activation,	  it	  is	  the	  sustained	  secondary	  Ca2+	  elevation	  that	  most	  determines	  ⋅NO	  production.109	  	  Thus,	  ⋅NO	  production	  is	  actually	  determined	  by	  three	  parameters:	  	  maximum	  cell	  capacity	  (eNOS	  expression),	  phosphorylation	  state	  and	  intracellular	  Ca2+	  concentration	  in	  response	  to	  circulating	  hormones,	  growth	  factors	  and	  physical	  forces.110	  Recent	  evidence	  also	  suggests	  that	  changes	  in	  the	  nature	  of	  endothelial	  Ca2+	  signaling	  in	  various	  physiologic	  or	  pathophysiologic	  states	  can	  alter	  both	  the	  amplitude	  and	  duration	  of	  ⋅NO	  output.	  	  For	  example,	  changes	  in	  capacitative	  Ca2+	  entry	  mechanisms	  (the	  sustained	  phase	  of	  cytoplasmic	  Ca2+	  rise)	  occur	  during	  pregnancy	  and	  result	  in	  increased	  systemic,	  and	  especially	  uterine,	  ⋅NO	  production,	  thus	  promoting	  maximal	  uterine	  perfusion.110Failure	  of	  this	  signaling	  adaptation	  during	  pregnancy	  is	  associated	  with	  preeclampsia	  and	  potentially	  life-­‐threatening	  hypertension.110	  	  Indeed,	  all	  these	  data	  would	  suggest	  that	  endothelial	  cell	  Ca2+	  flux	  has	  critical	  implications	  for	  VEGF	  signaling,	  eNOS	  activation	  and	  ⋅NO	  production,	  and	  may	  be	  a	  critical	  determinant	  of	  pro-­‐angiogenic	  endothelial	  cell	  behavior.	  	   1.5.4.	  Ca2+-­‐dependent	  endothelial	  function	  Far	  from	  being	  the	  simple	  semi-­‐permeable	  barrier	  separating	  circulating	  blood	  from	  surrounding	  tissues	  it	  was	  once	  thought	  to	  be,	  the	  endothelium	  is	  actually	  a	  critical	  player	  in	  the	  maintenance	  of	  vascular	  homeostasis.111	  	  It	  is	  also	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now	  appreciated	  that	  many	  endothelial	  functions	  are	  Ca2+	  dependent.	  	  Junctional	  and	  cytoskeletal	  proteins	  are	  affected	  by	  endothelial	  cytoplasmic	  Ca2+	  concentration,	  and	  Ca2+	  signals	  often	  present	  as	  oscillatory	  changes	  that	  are	  propagated	  from	  one	  cell	  to	  another	  in	  intercellular	  Ca2+	  waves.112	  	  It	  thus	  follows	  that	  Ca2+	  signals	  at	  a	  site	  of	  injury	  can	  promote	  coordinated	  endothelial	  cell	  behaviors	  such	  as	  proliferation,	  directional	  migration	  and	  complex	  network	  organization.	  Endothelial	  progenitor	  as	  well	  as	  mature	  endothelial	  cell	  proliferation	  has	  been	  shown	  to	  be	  associated	  with	  increases	  in	  intracellular	  Ca2+.111	  	  At	  the	  plasma	  membrane,	  endothelial	  cells	  possess	  voltage-­‐insensitive	  or	  receptor-­‐operated	  Ca2+	  channels	  which	  are	  important	  for	  proliferative	  and	  migratory	  functions.	  	  These	  channels	  are	  believed	  to	  be	  controlled	  by	  mechanical	  stimuli	  or	  as	  downstream	  effects	  of	  vasoactive	  substances	  and	  growth	  factors	  signaling	  through	  phospholipase	  C	  isoforms.	  	  Subsequent	  enhancement	  of	  Ca2+-­‐calmodulin-­‐dependent	  phosphatase	  (calcineurin)	  and	  activation	  of	  the	  Ca2+-­‐dependent	  transcription	  factor,	  nuclear	  factor	  of	  activated	  T	  cells	  (NFAT),	  initiates	  transcription	  of	  proliferative	  genes.113	  Emerging	  evidence	  also	  now	  suggests	  that	  Orai1	  multimers,	  which	  are	  activated	  by	  direct	  interaction	  with	  the	  ER	  Ca2+	  sensor	  STIM1	  upon	  depletion	  of	  IP3-­‐sensitive	  Ca2+	  stores,	  and	  the	  resultant	  STIM/Orai-­‐generated	  Ca2+	  signaling	  is	  coupled	  to	  gene	  transcription	  and	  phenotypic	  changes	  associated	  with	  cardiac	  and	  vascular	  remodeling.114	  	  These	  findings	  and	  others	  which	  suggest	  a	  role	  for	  SOCE	  in	  the	  proliferative	  and	  migratory	  behavior	  of	  endothelial	  cells	  at	  a	  wound	  site,111,	  as	  well	  as	  the	  finding	  that	  VEGF	  stimulates	  SOCE,	  implicate	  Ca2+	  stores	  as	  an	  angiogenic	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determinant.	  Additionally,	  ⋅NO	  induces	  endothelium-­‐dependent	  vasodilation	  in	  part	  through	  the	  refilling	  of	  intracellular	  Ca2+	  stores	  via	  SERCA	  activity.	  	  Thus,	  it	  is	  plausible	  that	  oxidative	  inactivation	  of	  SERCA,	  leading	  to	  unrectified	  depletion	  of	  Ca2+	  stores,	  will	  affect	  components	  of	  the	  SOCE	  pathway	  and	  impair	  endothelium-­‐dependent	  relaxation.	  	  While	  less	  is	  known	  specifically	  about	  endothelial	  cells,	  studies	  in	  airway	  smooth	  muscle	  cells	  have	  shown	  a	  role	  for	  STIM1	  and	  Orai1	  in	  thapsigargin-­‐mediated	  SOCE	  and	  cell	  migration	  and	  proliferation.115,116	  	  Roles	  for	  STIM1	  and	  Orai	  SOCE	  channel	  isoforms	  have	  also	  been	  demonstrated	  in	  proliferating	  rat	  mesenteric	  vascular	  smooth	  muscle	  cells,	  117,118	  and	  are	  upregulated	  in	  in	  vivo	  models	  of	  vascular	  injury119,120	  and	  hypertension.121	  While	  the	  exact	  mechanisms	  by	  which	  SERCA	  activity	  influences	  endothelial	  cell	  proliferation	  and	  migration	  are	  as	  yet	  unknown,	  Ca2+	  regulation	  is	  likely	  involved.	  	  The	  present	  work	  addresses	  how	  altered	  Ca2+	  handling	  induced	  by	  oxidative	  inactivation	  of	  SERCA	  in	  the	  C674S	  mutant	  endothelial	  cells	  affects	  proliferative	  and	  migratory	  phenotypes	  in	  culture,	  and	  evaluates	  associated	  gene	  expression	  and	  signaling	  changes.	  	  
1.6.	  Endoplasmic	  reticulum	  (ER)	  stress	  	   1.6.1.	  Causes	  of	  ER	  stress	  When	  ER	  homeostasis	  is	  disrupted,	  ER	  stress	  ensues,	  and	  an	  adaptive	  process	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called	  the	  unfolded	  protein	  response	  is	  initiated.122	  	  ER	  stress	  can	  be	  triggered	  by	  infection,	  hypoxia/ischemia,	  perturbation	  of	  redox	  status,	  aberrant	  Ca2+	  regulation,	  and	  increased	  protein	  synthesis	  and/or	  accumulation	  of	  unfolded	  or	  misfolded	  proteins	  in	  the	  ER.123	  	  Notably,	  ER	  stress	  plays	  dual	  roles	  in	  cell	  physiology/pathophysiology.	  	  At	  the	  outset,	  ER	  stress	  initiates	  protective	  signals	  to	  support	  cell	  survival.124,125	  However,	  an	  uncontrolled,	  aberrantly	  regulated	  or	  unresolved	  ER	  stress	  response	  participates	  in	  disease	  development.	   	  	   ER	  stress	  has	  been	  implicated	  in	  the	  pathophysiology	  of	  multiple	  cardiac	  and	  vascular	  diseases,	  including	  myocardial	  infarction,126,127	  dilated	  cardiomyopathy,128disrupted	  excitation-­‐contraction	  coupling,129	  hypertension,130,131	  diabetes	  and	  vascular	  insulin	  resistance.132	  	  Identification	  of	  the	  principal	  causes	  of	  ER	  stress	  in	  these	  disease	  states	  and	  development	  of	  coping	  strategies	  may	  present	  an	  important	  avenue	  for	  therapeutic	  development.	  	   The	  two	  major	  causes	  of	  ER	  stress	  evaluated	  here	  are	  Ca2+	  depletion	  and	  oxidant	  stress.	  	  ER	  Ca2+	  store	  maintenance,	  which	  is	  principally	  governed	  by	  SERCA	  pump	  activity,	  is	  important	  for	  preventing	  induction	  of	  the	  unfolded	  protein	  response	  to	  ER	  stress.133	  	  In	  fact,	  thapsigargin,	  a	  non-­‐competitive	  SERCA	  inhibitor,	  is	  a	  classic	  mechanism	  of	  induction	  of	  ER	  stress.134	  	  Also	  implicating	  the	  importance	  of	  SERCA,	  Park	  et	  al.	  (2010)	  found	  that	  severe	  depletion	  of	  SERCA	  2b	  in	  the	  livers	  of	  obese	  mice	  was	  accompanied	  by	  ER	  stress	  and	  glucose	  intolerance,	  and	  these	  derangements	  were	  rescued	  by	  SERCA	  2b	  overexpression.135	  	   Oxidative	  stress	  can	  be	  both	  a	  cause	  and	  consequence	  of	  ER	  stress.	  	  Increased	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oxidative	  damage	  to	  proteins	  increases	  the	  workload	  for	  protein	  folding	  chaperones,	  eventually	  overwhelming	  this	  system	  and	  triggering	  the	  ER	  stress	  response.136	  	  Additionally,	  failure	  to	  maintain	  a	  relatively	  oxidized	  environment	  in	  the	  ER	  compared	  to	  the	  cytoplasm	  for	  optimal	  function	  of	  folding	  enzymes	  required	  for	  disulfide	  bond	  formation	  can	  lead	  to	  accumulation	  of	  unfolded	  or	  misfolded	  proteins	  and	  also	  contribute	  to	  induction	  of	  the	  unfolded	  protein	  response.137	  	  Whether	  a	  mechanism	  of	  ER	  stress	  encompassing	  oxidant	  stress	  damaging	  the	  SERCA	  protein,	  increased	  ER	  protein	  load	  and	  Ca2+	  handling	  abnormalities	  due	  to	  impaired	  SERCA	  function	  occurs	  in	  the	  vasculature	  is	  not	  known.	  	  Furthermore,	  the	  specific	  effects	  of	  SERCA	  and	  its	  downstream	  targets	  on	  ER	  stress	  under	  ischemic	  conditions	  are	  currently	  unknown.	  	  	   1.6.2.	  Resolution	  of	  ER	  stress	  	   A	  three-­‐pronged	  signal-­‐transduction	  cascade	  is	  activated	  to	  resolve	  ER	  stress,	  including	  inositol	  requiring	  element-­‐1	  (IRE-­‐1),	  protein	  kinase-­‐like	  ER	  kinase	  (PERK)	  and	  activating	  transcription	  factor	  6	  (ATF6).	  	  Under	  unstressed	  conditions,	  the	  luminal	  domains	  of	  these	  sensors	  are	  bound	  to	  the	  ER	  chaperone	  binding	  immunoglobulin	  protein	  (BiP),	  which	  maintains	  them	  in	  the	  inactive	  state.138	  	  When	  unfolded	  or	  misfolded	  proteins	  accumulate,	  BiP	  instead	  preferentially	  binds	  to	  these	  abnormal	  proteins,	  releasing	  its	  inhibitory	  hold	  on	  PERK,	  ATF6,	  and	  IRE1.	  	  Upon	  dissociation	  from	  BiP	  and	  activation,	  these	  sensors	  initiate	  three	  distinct	  but	  complementary	  signal	  transduction	  pathways:	  The	  PERK	  pathway	  induces	  global	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translational	  attenuation	  to	  avoid	  further	  accumulation	  of	  misfolded	  proteins	  in	  the	  ER,	  while	  promoting	  selective	  translation	  of	  proteins	  involved	  in	  the	  resolution	  of	  ER	  stress;139,140	  ATF6	  translocates	  to	  the	  Golgi	  apparatus	  where	  it	  is	  cleaved	  by	  site	  1	  and	  2	  proteases	  before	  a	  second	  translocation	  into	  the	  nucleus	  where	  it	  activates	  transcription	  of	  chaperones	  and	  other	  genes	  involved	  in	  ER	  quality	  control;141	  IRE1	  activates	  ER-­‐associated	  degradation	  pathways	  in	  an	  attempt	  to	  rectify	  the	  accumulation	  of	  misfolded	  proteins.142,143	  	  While	  the	  activation	  of	  these	  three	  distinct	  but	  complementary	  signal	  transduction	  pathways	  facilitates	  cellular	  adaptation	  to	  and	  resolution	  of	  ER	  stress,	  an	  unresolved	  ER	  stress	  response	  will	  lead	  to	  cellular	  dysfunction	  or	  apoptosis.	  	  	   1.6.3.	  ER	  stress	  in	  endothelial	  dysfunction	  and	  angiogenesis	  	   ER	  stress	  and	  cardiovascular	  disease	  are	  intimately	  intertwined,	  and	  ER	  stress	  has	  been	  specifically	  implicated	  in	  endothelial	  dysfunction	  and	  impaired	  angiogenesis.	  	  Higher	  levels	  of	  ER	  stress	  in	  diabetic	  db-­‐/db-­‐	  mice	  is	  associated	  with	  decreased	  total	  eNOS	  protein	  levels,	  decreased	  eNOS	  phosphorylation,	  decreased	  VEGFR2	  levels,	  and	  decreased	  VEGFR2	  phosphorylation.	  	  This	  endothelial	  dysfunction	  that	  accompanies	  ER	  stress	  may	  have	  significant	  angiogenic	  consequences.	  	  Chronic	  inhibition	  of	  ER	  stress	  in	  these	  mice	  improved	  blood	  flow	  recovery	  following	  hind	  limb	  ischemia,	  and	  these	  improvements	  were	  accompanied	  by	  correction	  of	  the	  abovementioned	  signaling	  abnormalities.144	  	  Similarly,	  dysfunctional	  endothelial	  cells	  from	  non-­‐diabetic	  obese	  humans	  exhibit	  marked	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increases	  in	  ER	  stress	  compared	  to	  their	  non-­‐obese	  peers.145	  	  	  Remarkably,	  while	  ⋅NO	  is	  known	  to	  be	  critical	  for	  promoting	  angiogenic	  responses,	  previous	  reports	  linking	  ⋅NO	  and	  ER	  stress	  have	  focused	  on	  pathological	  levels	  of	  RNS	  causing	  ER	  stress.146,147	  	  In	  contrast,	  the	  role	  of	  physiological	  levels	  of	  
⋅NO	  being	  important	  for	  maintaining	  the	  Ca2+	  balance	  that	  prevents	  ER	  stress	  caused	  by	  depleted	  Ca2+	  stores	  has	  been	  only	  minimally	  explored.	  	  In	  one	  study,	  treatment	  with	  N-­‐nitro-­‐l-­‐arginine	  methyl	  ester	  (L-­‐NAME),	  which	  is	  concentrated	  in	  cells	  via	  esterases	  and	  competes	  with	  endogenous	  L-­‐arginine,	  the	  substrate	  of	  ⋅NO	  synthases,	  increased	  the	  ER	  stress	  markers	  p-­‐PERK,	  activating	  transcription	  factor	  4	  (ATF4)	  and	  TNF	  receptor	  associated	  factor	  2	  (TRAF2)	  compared	  to	  preconditioning/ischemia/reperfusion	  alone,148	  but	  a	  mechanism	  by	  which	  maintaining	  ⋅NO	  levels	  may	  prevent	  ER	  stress	  induction	  has	  yet	  to	  be	  elucidated.	  	   There	  is	  currently	  no	  published	  literature	  describing	  any	  connection	  between	  
⋅NO-­‐mediated	  SERCA	  function,	  ER	  stress	  induction,	  and	  its	  pro-­‐	  or	  anti-­‐angiogenic	  consequences.	  	  Yet	  given	  previous	  work	  demonstrating	  that	  irreversible	  SERCA	  oxidation	  impairs	  the	  ability	  of	  ⋅NO	  to	  regulate	  Ca2+	  uptake	  function,66	  	  it	  is	  plausible	  that	  SERCA	  oxidation	  occurring	  during	  ischemia	  leads	  to	  inadequate	  Ca2+	  store	  maintenance	  in	  cells	  with	  irreversibly	  oxidized	  SERCA.	  	  These	  cells	  may	  be	  more	  susceptible	  to	  ER	  stress,	  which	  in	  turn	  causes	  endothelial	  cell	  dysfunction	  and	  could	  impair	  angiogenesis.	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1.7.	  Hypothesis	  and	  specific	  aims	  	   1.7.1.	  Overview	  The	  work	  presented	  below	  and	  the	  proposed	  future	  directions	  explore	  the	  potential	  that	  redox	  regulation	  of	  SERCA	  2	  C674	  provides	  a	  direct	  connection	  between	  Ca2+	  regulation	  and	  the	  oxidant	  and	  ER	  stress	  that	  is	  apparent	  in	  many	  cardiovascular	  pathologies,	  particularly	  ischemia.	  	  The	  studies	  elucidate	  the	  role	  of	  redox	  regulation	  of	  the	  C674	  thiol	  in	  the	  mechanisms	  of	  vascular	  disease	  by	  employing	  a	  novel	  tool,	  a	  SERCA	  2	  C674S	  knock-­‐in	  (SKI)	  mouse	  in	  which	  the	  key	  thiol	  is	  lacking	  in	  50%	  of	  SERCA,	  rendering	  the	  protein	  less	  able	  to	  be	  activated	  by	  glutathiolation.	  	  The	  data	  reveal	  that	  the	  redox-­‐sensitive	  C674	  thiol	  on	  SERCA	  2	  is	  required	  for	  normal	  endothelial	  cell	  Ca2+	  homeostasis	  and	  ischemia-­‐induced	  angiogenic	  responses,	  and	  suggest	  a	  novel	  redox	  control	  of	  angiogenesis	  via	  Ca2+	  stores.	  	   1.7.2.	  Hypothesis	  	   Reversible	  and	  irreversible	  RONS	  oxidation	  of	  proteins	  has	  important	  signaling	  consequences	  under	  both	  physiological	  and	  pathological	  conditions.	  	  Ca2+	  uptake	  by	  SERCA	  is	  redox-­‐regulated,	  with	  S-­‐glutathiolation	  of	  C674	  stimulating	  maximal	  Ca2+	  pump	  activity.	  	  Irreversible	  oxidation	  of	  SERCA	  at	  the	  redox-­‐sensitive	  C674	  thiol,	  which	  prevents	  physiological	  regulation	  by	  S-­‐glutathione	  adducts,	  occurs	  in	  chronic	  disease	  states,	  including	  diabetes	  and	  atherosclerosis.	  	  The	  data	  
	   45	  
presented	  below	  demonstrate	  that	  irreversible	  SERCA	  C674	  oxidation	  also	  occurs	  during	  ischemia,	  and	  that	  greater	  SERCA	  oxidation	  is	  associated	  with	  worsened	  angiogenesis.	  	  I	  hypothesize	  that	  redox	  inactivation	  of	  SERCA	  in	  endothelial	  
cells	  during	  ischemia,	  leading	  to	  decreased	  ⋅NO	  signaling,	  impairs	  Ca2+	  store	  
filling	  and	  induces	  ER	  stress,	  resulting	  in	  endothelial	  dysfunction	  and	  
inadequate	  angiogenesis	  (Figure	  5).	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Figure	  5.	  	  Hypothesis.	  	  a)	  Low	  physiological	  levels	  of	  ROS/RNS	  activate	  the	  VEGF	  receptor	  pathway,	  leading	  to	  eNOS	  phosphorylation	  (S1177)	  and	  activation,	  and	  
NO	  production.	  NO	  causes	  reversible	  S-­‐glutathiolation	  (SSG)	  of	  SERCA	  at	  C674,	  which	  promotes	  maximal	  SERCA	  pump	  activity,	  filling	  ER	  Ca2+	  Stores	  and	  allowing	  initiation	  of	  the	  angiogenic	  response.	  	  b)	  Pathological	  increases	  in	  ROS/RNS	  under	  ischemic	  conditions	  lead	  to	  irreversible	  SERCA	  C674	  oxidation	  (-­‐SO3,	  C674S	  model),	  rendering	  NO	  unable	  to	  stimulate	  SERCA	  pump	  activity.	  	  Ca2+	  store	  filling	  is	  thus	  impaired,	  leading	  to	  ER	  stress,	  endothelial	  dysfunction	  and	  impaired	  angiogenesis.	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The	  specific	  aims	  to	  address	  these	  queries	  are	  as	  follows:	  	   1.7.3.	  Aims	  	  
Aim	  1:	  To	  establish	  the	  importance	  of	  redox	  regulation	  of	  SERCA	  to	  basic	  endothelial	  biology	  and	  angiogenic	  potential	  	  
Aim	  2:	  To	  establish	  SERCA	  glutathiolation	  as	  a	  positive	  regulator	  of	  angiogenic	  response	  to	  hypoxia	  and	  protective	  mechanism	  against	  oxidative	  damage	  and	  inactivation	  during	  ischemia	  	  
Aim	  3:	  To	  determine	  whether	  impaired	  glutathiolation	  in	  SKI	  endothelial	  cells	  lacking	  the	  C674	  thiol	  leads	  to	  submaximal	  Ca2+	  store	  filling/Ca2+	  store	  depletion,	  inducing	  ER	  stress	  in	  the	  endothelium,	  thus	  providing	  an	  underlying	  mechanism	  by	  which	  SERCA	  oxidation	  can	  promote	  endothelial	  dysfunction	  and	  impair	  angiogenesis.	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Portions	  of	  this	  work	  have	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  2013	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   2. Thompson	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  Tong	  X,	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  RA.	  	  Nox4-­‐	  and	  Nox2-­‐dependent	  oxidant	  production	  is	  required	  for	  VEGF-­‐induced	  SERCA	  cysteine-­‐674	  S-­‐glutathiolation	  and	  endothelial	  cell	  migration.	  	  Free	  Radic	  Biol	  Med.	  2012	  Dec	  15;53(12):2327-­‐34.	  	   3. Evangelista	  AM,	  Thompson	  MD,	  Weisbrod	  RM,	  Pimental	  DR,	  Tong	  X,	  Bolotina	  VM,	  Cohen	  RA.	  	  Redox	  regulation	  of	  SERCA2	  is	  required	  for	  vascular	  endothelial	  growth	  factor-­‐induced	  signaling	  and	  endothelial	  cell	  migration.	  	  Antioxid	  Redox	  Signal.	  2012	  Oct	  15;17(8):1099-­‐108.	  	  	  An	  additional	  manuscript	  is	  also	  under	  revision	  in	  the	  Journal	  of	  Biological	  Chemistry.	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	   49	  
Chapter	  2.	  Materials	  and	  Methods	  
	  
2.1.	  Materials	  EBM-­‐2	  and	  EGM	  were	  purchased	  from	  Lonza	  (Walkersville,	  MD).	  	  Endothelial	  mitogen	  (ECGS)	  was	  purchased	  from	  Biomedical	  Technologies,	  Inc.	  (Stoughton,	  MA).	  	  Fetal	  bovine	  serum,	  Anti-­‐Anti,	  TaqMan	  primers,	  qRT-­‐PCR	  reagents,	  siRNAs,	  Lipofectamine	  2000,	  Opti-­‐MEM,	  Amplex	  UltraRed,	  Fura-­‐2	  AM,	  pluronic	  F127	  and	  ionomycin	  were	  purchased	  from	  Life	  Technologies	  (Grand	  Island,	  N.Y.).	  	  Probenecid	  was	  from	  AAT	  Bioquest	  (Sunnyvale,	  CA).	  	  Protein	  A/G	  beads	  and	  the	  SERCA	  2	  (IID8),	  total	  VEGFR2	  and	  GAPDH	  antibodies	  were	  purchased	  from	  Santa	  Cruz	  Biotechnology	  (Dallas,	  TX),	  and	  the	  SERCA	  2	  C498	  antibody	  was	  a	  custom	  polyclonal	  antibody	  from	  Bethyl	  Laboratories,	  Inc.	  (Montgomery,	  TX).	  	  Calreticulin,	  BiP,	  CHOP,	  p-­‐eIF2α,	  p-­‐Akt	  and	  total	  Akt	  antibodies	  were	  purchased	  from	  Cell	  Signaling	  Technology	  (Danvers,	  MA).	  	  p-­‐eNOS	  and	  total	  eNOS	  antibodies	  were	  purchased	  from	  BD	  Transduction	  Laboratories	  (San	  Jose,	  CA).	  	  Anti-­‐glutathione	  antibody	  was	  from	  Virogen	  (Watertown,	  MA).	  	  Recombinant	  human	  VEGF-­‐165	  was	  purchased	  from	  R&D	  Systems	  (Minneapolis,	  MN).	  	  Diethylenetriamine	  NONOate	  (DETA	  NONOate,	  
⋅NO	  donor)	  was	  from	  Cayman	  Chemical	  (Ann	  Arbor,	  Michigan).	  	  Mouse	  calretculin	  adenovirus	  was	  purchased	  from	  Vector	  Biolabs	  (Philadelphia,	  PA).	  	  Polybrene	  for	  adenoviral	  transduction,	  ethylene	  glycol-­‐bis(β-­‐aminoethyl	  ether)-­‐N,N,N′,N′-­‐tetraacetic	  acid	  tetrasodium	  salt	  (EGTA)	  for	  Ca2+	  imaging	  experiments,	  DNAse	  I	  for	  cell	  isolation	  and	  horseradish	  peroxidase	  for	  Amplex	  Red	  assays	  were	  from	  Sigma-­‐
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Aldrich	  (St.	  Lois,	  MO).	  	  For	  protein	  harvest,	  cell	  lysis	  buffer	  and	  SDS	  sample	  buffer	  were	  from	  Boston	  Bioproducts	  (Ashland,	  MA),	  and	  phenylmethanesulfonyl	  fluoride	  (PMSF)	  and	  protease	  inhibitor	  cocktail	  were	  from	  Sigma-­‐Aldrich.	  	  Red	  blood	  cell	  lysis	  buffer	  and	  goat	  anti-­‐rat	  IgG	  microbeads	  were	  from	  Miltenyi	  Biotec,	  Inc.	  (Auburn,	  CA).	  	  Collagenase	  type	  II	  was	  from	  Worthington	  Biochemical	  Corporation	  (Lakewood,	  NJ).	  	  Immobilon-­‐FL	  PVDF	  protein	  transfer	  membranes	  were	  from	  Millipore	  (Billerica,	  MA).	  	  Gelatin	  and	  bovine	  serum	  albumin	  was	  from	  Fisher	  Scientific	  (Waltham,	  MA).	  	  For	  histological	  tissue	  sample	  preparation,	  Tissue-­‐Tek®	  Optimum	  Cutting	  Temperature	  (O.C.T.)	  compound	  was	  from	  Sakura®	  Finetek	  (Torrance,	  CA).	  	  The	  SERCA	  2	  C674	  sulfonic	  acid	  (SERCA	  2	  C674-­‐SO3)	  antibody	  was	  purchased	  from	  Bethyl	  Laboratories	  (Montgomery,	  TX).	  	  3H-­‐thymidine	  was	  from	  Amersham	  Biosciences,	  and	  45Ca2+	  and	  Ultima	  GoldTM	  XR	  scintillation	  fluid	  were	  from	  PerkinElmer.	  	  Rat	  anti-­‐mouse	  CD31	  antibody	  and	  MatrigelTM	  were	  from	  BD	  Biosciences	  (San	  Jose,	  CA).	  	  For	  mouse	  genotyping,	  sodium	  dodecyl	  sulfate	  (SDS)	  REDExtract-­‐N-­‐AMPTM	  PCR	  Ready	  Mix	  and	  Proteinase	  K	  from	  Engyodontium	  album	  were	  from	  Sigma-­‐Aldrich.	  	  For	  gels,	  Agarose	  was	  from	  Bio-­‐Rad	  (Hercules,	  CA)	  and	  Tris-­‐Acetate-­‐EDTA	  buffer	  (TAE)	  was	  from	  Boston	  Bioproducts.	  	  Custom	  oligonucleotide	  primers	  were	  obtained	  from	  Fisher	  Scientific.	  	  100	  base	  pair	  (bp)	  DNA	  ladder	  was	  from	  New	  England	  BioLabs	  (Ipswich,	  MA).	  	  The	  MiniElute	  PCR	  Purification	  Kit	  was	  purchased	  from	  QIAGEN	  (Germantown,	  MD).	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2.2.	  Methods	  	  2.2.1	  Generation	  of	  the	  SERCA	  2	  C674S	  Heterozygote	  Knock-­‐in	  Mouse	  The	  SERCA	  2	  C674S	  heterozygote	  knock-­‐in	  mouse	  was	  generated	  on	  a	  C57Bl6J	  background	  by	  inGenious	  Targeting	  Laboratory,	  Inc.	  (Ronkonkoma,	  NY).	  Expression	  of	  the	  mutant	  allele	  is	  governed	  by	  the	  native	  promoter.	  	  Homozygous	  knock-­‐in	  fetuses	  died	  in	  utero	  just	  prior	  to	  the	  initial	  period	  of	  vascular	  development	  (8	  –	  10.5	  days149),	  so	  only	  heterozygous	  animals	  lacking	  50%	  of	  C674	  were	  studied.	  	  All	  animal	  usage	  was	  approved	  by	  Boston	  University’s	  Institutional	  Animal	  Care	  and	  Use	  Committee	  (IACUC)	  in	  accordance	  with	  the	  provisions	  of	  the	  Animal	  Welfare	  Act,	  Public	  Health	  Service	  Animal	  Welfare	  Policy,	  the	  principles	  of	  the	  NIH	  Guide	  for	  the	  Care	  and	  Use	  of	  Laboratory	  Animals,	  and	  the	  policies	  and	  procedures	  of	  Boston	  University	  Medical	  Campus.	  	  Animals	  were	  maintained	  in	  an	  AALAC	  approved	  Laboratory	  Animal	  Science	  Center	  staffed	  with	  licensed	  veterinarians.	  	  2.2.2.	  Genotyping	  WT	  and	  SKI	  mice	  Tail	  tips	  were	  obtained	  from	  weanling	  wild	  type	  (WT)	  and	  SKI	  mouse	  pups	  (21	  days	  of	  age)	  under	  general	  anesthesia	  with	  isoflurane	  in	  a	  bell	  jar.	  	  Tail	  tips	  were	  placed	  in	  100	  µL	  digestion	  buffer	  (stock	  solution:	  50	  mL	  of	  1	  M	  Tris	  pH	  8.0,	  5	  mL	  of	  500	  mM	  EDTA	  pH	  8.0,	  10	  mL	  of	  10%	  SDS,	  20	  mL	  of	  5	  M	  NaCl)	  and	  boiled	  at	  95°C	  for	  10	  minutes.	  	  Samples	  were	  then	  centrifuged	  at	  12,000	  x	  g	  for	  2	  minutes.	  	  After	  addition	  of	  8	  µL	  proteinase	  K	  (10	  mg/mL),	  samples	  were	  incubated	  at	  55°C	  overnight.	  	  The	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following	  day,	  samples	  were	  vortexed	  and	  again	  centrifuged	  at	  12,000	  x	  g	  for	  2	  minutes	  prior	  to	  heating	  at	  95°C	  for	  10	  minutes	  to	  denature	  the	  proteinase	  K.	  	  Following	  a	  final	  centrifugation	  step	  as	  above,	  the	  supernatant	  was	  used	  as	  the	  DNA	  sample	  for	  subsequent	  PCR	  reactions.	  	  The	  following	  PCR	  reaction	  was	  prepared:	  	   8	  µL	  H2O	  	   10	  µL	  REDExtract-­‐N-­‐AMPTM	  PCR	  Ready	  Mix	  	   1	  µL	  Mixed	  Forward	  and	  Reverse	  Primers	  (10	  µM)	  	   1	  µL	  DNA	  Extract	  	  The	  following	  primer	  sequences	  were	  used	  for	  PCR.	  	  SKI	  Genotyping	  Forward:	  	  CCACAAATGGCTCTCAGGTT	  SKI	  Genotyping	  Reverse:	  	  CAGCTCTAGGCAGAGGCACT	  	  The	  reactions	  were	  placed	  in	  a	  Techne	  TC-­‐512	  thermocycler	  (Bibby	  Scientific,	  Burlington,	  NJ)	  and	  cycled	  as	  indicated	  in	  Table	  1.	  	  PCR	  products	  were	  separated	  on	  a	  1%	  agarose	  gel	  in	  TAE	  buffer	  with	  a	  100	  bp	  DNA	  ladder.	  	  Due	  to	  the	  presence	  of	  an	  FRT	  site	  in	  the	  genomic	  DNA	  of	  SKI	  animals	  (as	  a	  consequence	  of	  FLP/FRT	  recombination	  used	  to	  generate	  the	  knock-­‐in),	  a	  gel	  band	  at	  400	  bp	  represents	  an	  SKI	  allele,	  while	  a	  band	  at	  200	  bp	  represents	  a	  WT	  allele	  (Figure	  6).	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   Temperature	  (°C)	   Duration	  (Minutes)	   #	  of	  Cycles	  95	   5	  Minutes	   1	  94	   30	  Seconds	   35	  60	   30	  Seconds	  72	   1	  Minute	  72	   10	  Minutes	   1	  
	  
Table	  1.	  Thermocycler	  settings	  for	  genotyping	  PCR	  for	  WT	  and	  SKI	  animals.	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Figure	  6.	  Genotyping	  of	  genomic	  tail	  DNA	  from	  WT	  and	  SKI	  weanling	  pups.	  SERCA	  2	  PCR	  products	  were	  run	  on	  a	  1%	  agarose	  gel.	  	  The	  gel	  band	  at	  400	  bp	  represents	  an	  SKI	  allele	  containing	  an	  FRT	  site,	  while	  the	  band	  at	  200	  bp	  represents	  a	  WT	  allele.	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2.2.3.	  Sequencing	  of	  SERCA	  2	  WT	  and	  C674S	  genomic	  DNA	  and	  reverse	  transcribed	  endothelial	  mRNA	  DNA	  from	  whole	  homogenized	  embryos,	  tail	  DNA	  from	  weanling	  mice,	  or	  reverse	  transcribed	  mRNA	  from	  endothelial	  cells	  was	  isolated	  and	  genotyped	  as	  above.	  	  (Animals	  used	  for	  endothelial	  mRNA	  isolation	  were	  genotyped	  prior	  to	  the	  cell	  isolation.)	  	  The	  region	  of	  interest	  in	  SERCA	  2	  was	  amplified	  from	  the	  genotyping	  reaction	  or	  directly	  from	  cDNA	  using	  the	  following	  primer	  sequences:	  	   SKI	  Sequencing	  Forward:	  Sequence:	  TGATCACTGGAGACAACAAAGG	  Based	  on	  Exon	  14-­‐104	  Product:	  184	  bp	  	  SKI	  Sequencing	  Reverse:	  	   	   Sequence:	  AGACTTGTGGGAAGGTTCAA	  Based	  on	  Exon	  14-­‐291	  Product:	  188	  bp	  	  After	  running	  a	  1%	  agarose	  gel	  to	  confirm	  PCR	  products	  of	  the	  appropriate	  length	  were	  generated,	  the	  PCR	  products	  were	  purified	  using	  the	  QIAGEN	  MiniElute	  PCR	  Purification	  Kit.	  	  Purified	  PCR	  products	  were	  submitted	  to	  the	  Tufts	  University	  Core	  Facility	  for	  sequencing.	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2.2.4.	  Embryonic	  Development	  Timed	  mating	  was	  carried	  out	  with	  male	  and	  female	  SKI	  mice.	  	  Pairs	  were	  housed	  together	  and	  females	  were	  examined	  each	  morning	  for	  the	  presence	  of	  a	  copulatory	  plug.	  	  The	  morning	  on	  which	  a	  copulatory	  plug	  appeared	  was	  considered	  day	  0.5	  post-­‐fertilization.	  	  Females	  were	  sacrificed	  beginning	  at	  7	  days	  post-­‐fertilization	  and	  embryos	  were	  carefully	  dissected	  from	  the	  uterus.	  	  Embryos	  were	  then	  individually	  homogenized,	  DNA	  was	  harvested,	  and	  animals	  were	  genotyped.	  	  2.2.5	  Isolation	  and	  culture	  of	  endothelial	  cells	  Mice	  were	  euthanized	  via	  inhaled	  anesthetic	  overdose	  (isoflurane)	  followed	  by	  cervical	  dislocation.	  	  Primary	  cardiac	  or	  hind	  limb	  muscle	  endothelial	  cells	  from	  both	  WT	  and	  SKI	  mice	  were	  isolated	  using	  the	  Miltenyi	  AutoMACS	  Pro	  magnetic	  cell	  separator.	  	  Briefly,	  three	  hearts	  or	  six	  hind	  limbs	  per	  genotype	  were	  pooled	  from	  mice	  aged	  4-­‐12	  weeks.	  	  Hearts	  were	  rinsed	  in	  Hank’s	  Balanced	  Salt	  Solution	  (HBSS)	  and	  minced	  with	  3,000	  units	  collagenase	  type	  II	  (Worthington)	  and	  300	  units	  DNAse	  I	  (Sigma-­‐Aldrich).	  	  Cells	  were	  cultured	  and	  early	  passages	  used	  in	  in	  vitro	  experiments.	  	  Samples	  were	  incubated	  at	  37°C	  with	  gentle	  agitation	  for	  30	  minutes,	  minced	  again	  then	  filtered	  through	  a	  70	  μm	  strainer.	  	  Samples	  were	  washed	  with	  Miltenyi	  AutoMACs	  running	  buffer	  and	  red	  blood	  cells	  were	  lysed	  (Red	  Blood	  Cell	  Lysis	  Buffer,	  Miltenyi).	  	  Cells	  were	  incubated	  with	  rat	  ant-­‐mouse	  CD31	  antibody	  (BD	  Pharmigen)	  followed	  by	  goat	  anti-­‐rat	  IgG	  microbeads,	  then	  labeled	  cells	  were	  separated	  according	  to	  the	  manufacturer’s	  protocol.	  	  The	  resulting	  cells	  were	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resuspended	  in	  Endothelial	  Basal	  Medium-­‐2	  (EBM-­‐2)	  supplemented	  with	  10%	  FBS,	  50	  μg/mL	  endothelial	  mitogen	  (ECGS)	  and	  1%	  Anti-­‐Anti	  (Gibco),	  then	  seeded	  on	  gelatin-­‐coated	  plates	  at	  a	  density	  of	  20,000	  cells	  per	  cm2.	  	  2.2.6.	  Flow	  cytometry	  validation	  of	  endothelial	  cell	  purity	  To	  assess	  the	  endothelial	  cell	  sample	  purity,	  the	  CD31	  labeling	  percentage	  was	  evaluated	  using	  the	  FACScan	  Flow	  Cytometer	  (Becton	  Dickinson).	  	  Samples	  were	  added	  to	  glass	  test	  tubes	  containing	  100	  µL	  FACScan	  buffer,	  then	  stained	  for	  15	  minutes	  by	  adding	  FITC	  Rat	  Anti-­‐Mouse	  CD31	  antibody.	  	  An	  additional	  100	  µL	  buffer	  was	  added	  before	  running	  samples	  on	  the	  flow	  cytometer.	  	  2.2.7.	  Hind	  limb	  ischemia	  surgical	  procedure	  and	  laser	  Döppler	  perfusion	  imaging	  8-­‐12	  week	  old	  male	  littermate	  WT	  and	  SKI	  mice	  were	  anesthetized	  by	  intraperitoneal	  injection	  of	  xylazine	  (40	  mg/kg)	  and	  ketamine	  (100	  mg/kg)	  and	  subjected	  to	  unilateral	  hind	  limb	  surgery.	  	  Briefly,	  the	  left	  femoral	  artery,	  vein	  and	  nerve	  proximal	  to	  the	  popliteal	  bifurcation	  site	  and	  distal	  to	  the	  inguinal	  ligament	  were	  ligated	  with	  6-­‐0	  silk	  suture	  and	  excised.	  	  Perfusion	  in	  both	  the	  right	  and	  left	  lower	  limbs	  was	  recorded	  using	  Laser	  Döppler	  imaging	  pre-­‐operatively,	  immediately	  post-­‐operatively,	  and	  at	  the	  additional	  indicated	  post-­‐operative	  time	  points.	  	  Blood	  flow	  was	  expressed	  as	  the	  ratio	  of	  ischemic	  to	  non-­‐ischemic	  hind	  limb	  perfusion.	  	  Muscle	  tissue	  from	  ischemic	  and	  non-­‐ischemic	  limbs	  was	  harvested	  at	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the	  indicated	  post-­‐operative	  times	  and	  snap	  frozen	  in	  liquid	  nitrogen	  for	  RNA	  or	  protein	  analysis.	  	  2.2.8.	  In	  Vitro	  MCEC	  hypoxia/reoxygenation	  An	  in	  vitro	  hypoxic	  environment	  (0.5%	  O2,	  5%	  CO2,	  70%	  humidity,	  37°C)	  was	  generated	  using	  a	  LiveCellTM	  Pathology	  Devices,	  Inc.	  (Westminster,	  MD)	  chamber	  system.	  	  Murine	  cardiac	  endothelial	  cells	  (MCECs)	  were	  incubated	  in	  complete	  medium	  under	  hypoxic	  conditions	  for	  24	  hours	  with	  or	  without	  reoxygenation	  (21%	  O2,	  5%	  CO2,	  70%	  humidity,	  37°C)	  for	  1	  hour.	  	  For	  Amplex	  UltraRed	  measurements,	  cells	  were	  exposed	  to	  hypoxia	  for	  1	  hour	  during	  Amplex	  UltraRed	  treatment.	  	  2.2.9.	  Western	  blotting	  Samples	  in	  SDS	  sample	  buffer	  were	  run	  on	  10%	  electrophoresis	  gels.	  	  Proteins	  were	  transferred	  to	  supported	  PVDF	  membranes	  and	  blocked	  in	  5%	  milk/0.1%	  tween	  phosphate	  buffered	  saline	  (PBST).	  	  Primary	  antibodies	  were	  incubated	  overnight	  at	  4°C	  in	  1%	  bovine	  serum	  albumin	  (BSA).	  	  Horseradish	  peroxidase-­‐conjugated	  and	  infrared	  dye-­‐conjugated	  secondary	  antibodies	  were	  used,	  and	  blots	  were	  imaged	  using	  film	  and	  the	  Odyssey	  Infrared	  Imaging	  System	  (LI-­‐COR	  Biosciences,	  Lincoln,	  NE),	  respectively.	  	  Band	  density	  was	  evaluated	  using	  NIH	  ImageJ	  software	  and	  normalized	  to	  the	  GAPDH	  loading	  control.	  	  Final	  densitometry	  data	  were	  normalized	  to	  WT	  control	  cells	  for	  each	  experiment.	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2.8.10.	  Immunoprecipitation	  of	  SERCA-­‐bound	  glutathione	  Following	  HLI	  at	  the	  designated	  time	  points	  or	  24	  hour	  in	  vitro	  hypoxia	  treatment	  of	  MCECs,	  whole	  muscle	  tissue	  or	  cell	  lysates	  were	  incubated	  with	  a	  custom	  polyclonal	  SERCA	  2	  antibody	  (Bethyl	  Laboratories,	  Inc.)	  at	  4°C	  overnight	  then	  protein	  A/G	  beads	  for	  1	  hour	  at	  4°C.	  	  Samples	  were	  then	  immunoblotted	  with	  a	  monoclonal	  glutathione	  (GSH)	  antibody	  (Virogen).	  	  Following	  visualization	  of	  the	  bands	  using	  the	  Odyssey,	  membranes	  were	  stripped	  and	  re-­‐probed	  with	  a	  monoclonal	  SERCA	  2	  antibody	  (Santa	  Cruz	  Biotechnology).	  	  Band	  density	  was	  evaluated	  using	  NIH	  ImageJ	  software,	  and	  the	  ratio	  of	  GSH	  to	  SERCA	  was	  used	  to	  determine	  relative	  amounts	  of	  SERCA-­‐bound	  glutathione.76,81	  	  2.8.11.	  Quantitative	  real-­‐time	  PCR	  (qRT-­‐PCR)	  Total	  RNA	  was	  isolated	  from	  cells	  using	  TRIzol	  according	  to	  the	  manufacturer’s	  protocol.	  	  Complementary	  DNA	  (cDNA)	  was	  synthesized	  using	  the	  Life	  Technologies	  High	  Capacity	  RNA-­‐to-­‐cDNA	  kit.	  	  Quantitative	  PCR	  was	  performed	  using	  pre-­‐validated	  gene-­‐specific	  FAM-­‐NFQ-­‐conjugated	  TaqMan	  probes	  multiplexed	  with	  a	  VIC-­‐NFQ	  conjugated	  18s	  probe.	  	  Expression	  was	  analyzed	  using	  the	  comparative	  CT	  method	  with	  StepOnePlusTM	  Real-­‐Time	  PCR	  software	  (Life	  Technologies),	  with	  specific	  mRNA	  expression	  levels	  normalized	  to	  18s.	  	  Final	  expression	  data	  were	  normalized	  to	  WT	  control	  cells	  for	  each	  experiment.	  	  	  
	   60	  
2.2.12.	  Immunohistochemistry	  Following	  28	  days	  of	  hind	  limb	  ischemia,	  animals	  were	  sacrificed	  and	  gastrocnemius	  muscle	  tissue	  from	  ischemic	  and	  non-­‐ischemic	  hind	  limbs	  from	  WT	  and	  SKI	  mice	  was	  embedded	  in	  O.C.T.	  compound,	  flash	  frozen	  in	  liquid	  nitrogen	  and	  sectioned	  on	  a	  cryostat.	  	  Histological	  sections	  were	  stained	  for	  SERCA	  2	  irreversibly	  oxidized	  at	  C674	  using	  a	  custom	  sequence-­‐specific	  SERCA	  2	  C674-­‐sulfonic	  acid	  antibody	  (SERCA	  2	  C674-­‐SO3)	  generated	  at	  Bethyl	  Laboratories,	  Inc.	  	  Staining	  intensity	  scores	  on	  a	  scale	  of	  1	  to	  4	  were	  assigned	  by	  blinded	  observers.	  	  2.2.13.	  3H-­‐Thymidine	  cell	  proliferation	  assay	  Endothelial	  cell	  proliferation	  was	  determined	  using	  3H-­‐thymidine	  incorporation.	  	  Briefly,	  WT	  and	  SKI	  cells	  were	  seeded	  in	  triplicate	  in	  a	  96	  well	  plate	  at	  a	  density	  of	  5,000	  cells/well.	  	  Cells	  were	  starved	  in	  serum-­‐free	  EBM-­‐2	  for	  24	  hours,	  then	  provided	  with	  3H-­‐thymidine	  and	  serum	  free	  medium	  or	  50	  ng/mL	  VEGF	  in	  serum	  free	  medium	  for	  24	  hours.	  	  The	  medium	  was	  aspirated	  and	  cells	  were	  treated	  with	  5%	  trichloroacetic	  acid	  (TCA)	  for	  1	  hour	  at	  4°C	  to	  precipitate	  the	  samples.	  	  The	  TCA	  was	  then	  aspirated	  and	  samples	  were	  incubated	  with	  0.4N	  NaOH	  overnight	  at	  room	  temperature.	  	  Samples	  were	  then	  placed	  in	  Ultima	  GoldTM	  XR	  scintillation	  fluid	  and	  background-­‐subtracted	  radioactivity	  was	  measured	  as	  disintegrations	  per	  minute	  (DPM)	  on	  a	  HIDEX	  300	  SL	  Automatic	  TDCR	  Liquid	  Scintillation	  Counter	  (LabLogic,	  Brandon,	  FL).	  	  Final	  DPM	  data	  were	  normalized	  to	  WT	  control	  cells	  for	  each	  experiment.	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2.2.14.	  45Ca2+	  uptake	  assay	  Ca2+	  uptake	  into	  the	  ER	  was	  measured	  using	  an	  oxalate-­‐dependent	  ER	  45Ca2+	  uptake	  assay	  in	  cells	  in	  which	  the	  cell	  membrane	  was	  permeabilized.	  	  Cells	  were	  treated	  with	  DETA	  NONOate	  (30	  μmol/L)	  for	  2	  hours.	  	  Medium	  was	  replaced	  with	  Ca2+	  uptake	  solution	  (in	  mmol/L:	  30	  Tris-­‐HCl,	  100	  KCl,	  5	  NaN3,	  6	  MgCl2,	  0.15	  EGTA,	  0.12	  CaCl2,	  10	  oxalate)	  and	  EC	  were	  permeablized	  with	  saponin	  (250	  μg/mL)	  prior	  to	  treatment	  with	  TG	  (10	  μmol/L,	  20	  min)	  such	  that	  extravesicular	  Ca2+	  concentration	  was	  controlled	  by	  buffer	  content.	  	  Following	  treatment,	  cells	  were	  trypsinized	  then	  incubated	  in	  solution	  with	  45Ca2+	  (1	  μCi)	  and	  ATP	  (2	  mmol/L).	  	  After	  30	  minutes,	  cells	  were	  filtered	  through	  Whatman	  GF/C	  glass	  filters	  under	  vacuum	  and	  washed	  with	  PSS.	  	  Radioactivity	  was	  measured	  on	  a	  HIDEX	  300	  SL	  Automatic	  TDCR	  Liquid	  Scintillation	  Counter	  (LabLogic,	  Brandon,	  FL).	  	  45Ca2+	  uptake	  was	  evaluated	  by	  counting	  radioactivity	  on	  the	  filters	  and	  normalized	  to	  protein	  concentration	  measured	  by	  the	  Bradford	  assay.76,81	  	  2.2.15.	  Scratch	  wound	  endothelial	  cell	  migration	  assay	  MCECs	  were	  grown	  to	  >90%	  confluence	  then	  serum	  starved	  in	  EBM-­‐2	  overnight.	  	  Scratch	  wounds	  were	  applied	  to	  the	  monolayer	  using	  a	  sterile	  pipet	  tip	  as	  previously	  described.81	  	  Cells	  were	  washed	  once	  with	  phosphate	  buffered	  saline	  (PBS)	  then	  treated	  with	  serum	  free	  medium,	  VEGF	  (50	  ng/mL)	  or	  DETA	  NONOate	  (30	  µM)	  at	  the	  time	  of	  scratch	  application.	  	  Images	  were	  taken	  at	  fixed	  positions	  along	  the	  scratch	  at	  0	  and	  6	  or	  16	  hours.	  	  Using	  NIH	  ImageJ	  software,	  images	  were	  analyzed	  by	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comparing	  the	  width	  of	  the	  scratch	  (averaged	  from	  three	  measurements	  per	  condition)	  at	  the	  two	  time	  points	  and	  converted	  to	  a	  cell	  migration	  distance	  in	  
µM/hour.76,81	  	  2.2.16.	  Endothelial	  cell	  capillary-­‐like	  network	  formation	  assay	  
In	  vitro	  capillary-­‐like	  network	  formation	  was	  assayed	  using	  BD	  MatrigelTM,	  a	  complex	  solubilized	  extracellular	  matrix	  rich	  in	  laminin,	  collagen	  IV	  and	  heparan	  sulfate	  proteoglycans.	  	  Briefly,	  96-­‐well	  plates	  were	  coated	  with	  BD	  MatrigelTM	  for	  30-­‐60	  minutes	  according	  to	  the	  manufacturer’s	  instructions	  prior	  to	  seeding	  MCECs	  at	  a	  density	  of	  1	  x	  104	  cells	  per	  well.	  	  Cells	  were	  exposed	  to	  serum	  free	  medium	  or	  VEGF	  (50	  ng/mL)	  in	  serum	  free	  medium	  for	  6	  hours.	  	  Alternatively,	  MCECs	  were	  transfected	  with	  mouse	  calreticulin	  adenovirus	  for	  24	  hours	  prior	  to	  seeding	  on	  BD	  MatrigelTM	  for	  16	  hours.	  	  Network	  formation	  scores	  on	  a	  scale	  of	  0	  to	  4	  were	  assigned	  by	  blinded	  observers.76,81	  	  2.2.17.	  Single-­‐cell	  intracellular	  Ca2+	  imaging	  MCECs	  seeded	  on	  glass	  coverslips	  were	  loaded	  with	  3.3	  µM	  Fura-­‐2	  AM	  in	  the	  presence	  of	  0.02%	  pluronic	  F127	  in	  serum	  free	  EBM-­‐2	  at	  37°C	  for	  30	  minutes.	  	  Following	  a	  15	  min	  wash	  in	  serum	  free	  EBM-­‐2,	  cells	  were	  transferred	  to	  a	  nominally	  Ca2+	  free	  physiological	  saline	  solution	  supplemented	  with	  2.5	  mM	  probenecid.	  	  Changes	  in	  intracellular	  Ca2+	  were	  monitored	  as	  previously	  described.81	  	  For	  Ca2+	  influx	  experiments,	  after	  cells	  equilibrated	  for	  1	  minute,	  MCECs	  were	  treated	  with	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VEGF	  (50	  ng/mL)	  or	  ⋅NO	  gas	  in	  saline	  solution	  (10	  µM)	  for	  2	  minutes	  (baseline	  reading),	  before	  Ca2+	  was	  reconstituted	  by	  adding	  2	  mM	  CaCl	  to	  the	  solution.	  	  Adequate	  Fura-­‐2	  loading	  was	  confirmed	  by	  adding	  ionomycin(2	  µM),	  then	  the	  signal	  was	  quenched	  using	  MnCl2	  (8	  mM).	  	  For	  Ca2+	  store	  release	  experiments,	  cells	  were	  treated	  with	  EGTA	  (1	  mM)	  for	  3	  minutes	  and	  allowed	  to	  equilibrate.	  	  Ionomycin	  (1	  
µM)	  was	  then	  added	  to	  the	  solution.	  	  Adequate	  Fura-­‐2	  loading	  was	  confirmed	  by	  adding	  CaCl2	  (2	  mM).	  	  Studies	  of	  individual	  cells	  were	  performed	  using	  a	  dual-­‐excitation	  fluorescence	  imaging	  system	  (InCyte2	  Intracellular	  Imaging,	  Cincinnati,	  OH).	  	  The	  imaging	  system	  was	  calibrated	  such	  that	  Rmax	  =	  2.205	  at	  602	  nM	  Ca2+	  and	  Rmin	  =	  0.66	  at	  0	  nM	  Ca2+.	  	  Fluorescence	  intensity	  was	  recorded	  as	  the	  ratio	  of	  340/380	  nm,	  and	  changes	  in	  intracellular	  Ca2+	  were	  expressed	  as	  the	  change	  in	  F340/F380	  ratio	  between	  baseline	  prior	  to	  Ca2+	  addition	  and	  peak	  ratio	  following	  addition.76,81	  	  2.2.18.	  Amplex	  Red	  assay	  for	  H2O2	  production	  MCECs	  were	  seeded	  in	  triplicate	  in	  96	  well	  plates	  at	  adensity	  of	  20,000	  cells	  per	  well	  and	  serum	  starved	  in	  EBM-­‐2	  overnight.	  	  Extracellular	  H2O2	  was	  detected	  using	  the	  Amplex	  UltraRed	  reagent.	  	  Briefly,	  cells	  were	  washed	  once	  with	  PBS	  and	  then	  incubated	  with	  the	  Amplex	  UltraRed	  reagent	  (50	  mM)	  and	  horseradish	  peroxidase	  (2	  units/mL;	  Sigma)	  in	  HBSS	  at	  37°C	  for	  1	  hour.	  	  Fluorescence	  intensity	  was	  measured	  on	  a	  Tecan	  Infinite	  M1000	  (Morrisville,	  NC,)	  plate	  reader	  using	  i-­‐control	  1.5	  software	  (Tecan)	  at	  540/580	  excitation/emission.	  	  A	  background	  reading	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(reagents	  in	  HBSS	  in	  wells	  containing	  no	  cells)	  was	  subtracted	  from	  all	  sample	  readings	  before	  analysis.76	  	  2.2.19.	  Adenoviral	  transduction	  of	  endothelial	  cells	  WT	  and	  SKI	  MCECs	  were	  transfected	  with	  LacZ	  or	  mouse	  calreticulin	  adenoviral	  vectors	  to	  achieve	  approximately	  four-­‐fold	  overexpression,	  while	  HAECs	  were	  transfected	  at	  an	  MOI	  ≈	  10.	  	  After	  1	  hours	  of	  serum	  starvation	  in	  antibiotic-­‐free	  medium,	  cells	  were	  transduced	  in	  serum	  free	  EBM-­‐2	  containing	  10	  mg/mL	  polybrene	  (Sigma)	  for	  4	  to	  6	  hours	  before	  adding	  two	  volumes	  of	  complete	  medium	  for	  24-­‐48	  hours.	  	  Where	  indicated,	  cells	  were	  either	  incubated	  in	  complete	  medium	  or	  serum	  free	  medium	  for	  an	  additional	  24	  hours	  for	  a	  total	  of	  48-­‐72	  hours	  of	  transfection.	  	  2.2.20.	  siRNA	  knockdown	  in	  HAECs	  To	  knockdown	  SERCA	  expression,	  HAECs	  were	  first	  serum	  starved	  in	  antibiotic-­‐free	  EBM-­‐2	  for	  1	  hour	  then	  treated	  with	  the	  SERCA	  2-­‐specific	  siRNA	  constructs	  or	  a	  scrambled	  siRNA	  control	  at	  20	  nM	  with	  Lipofectamine	  2000	  reagent	  in	  serum-­‐free	  antibiotic-­‐free	  EBM-­‐2.	  	  After	  incubating	  with	  the	  constructs	  for	  4	  hours,	  the	  medium	  was	  changed	  to	  Endothelial	  Growth	  Medium	  (EGM)	  and	  the	  incubation	  was	  carried	  out	  to	  72	  hours.81	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The	  following	  siRNA	  oligonucleotides	  were	  used:	  	  	  SERCA	  2-­‐specific	  siRNA	  constructs:	  	  5’-­‐ACCAGUAUGAUGGUCUGGUAGAAUU-­‐3’	  5’-­‐AAUUCUACCAGACCAUCAUACUGGU-­‐3’	  	  	  SERCA	  3-­‐specific	  siRNA	  constructs:	  	  5’-­‐CCAUCUACAGCAACAUGAAGCAAU-­‐3’	  and	  	  5’-­‐AAUUGCUUCAUGUUGCUGUAGAUGG-­‐3’	  	  2.2.21.	  Statistical	  analysis	  All	  data	  are	  presented	  as	  mean	  +	  standard	  error	  of	  the	  mean	  (S.E.M.).	  	  Statistical	  significance	  was	  determined	  using	  a	  Student’s	  t-­‐test,	  or	  one-­‐	  or	  two-­‐way	  ANOVA	  in	  conjunction	  with	  a	  Bonferroni	  multiple	  comparisons	  post-­‐hoc	  test	  where	  appropriate.	  	  Non-­‐normally	  distributed	  data	  were	  evaluated	  using	  the	  Mann-­‐Whitney	  U	  test.	  	  p	  <	  0.05	  was	  considered	  statistically	  significant.	  	  Statistical	  outliers	  were	  identified	  using	  the	  Grubb’s	  outlier	  test	  and	  excluded	  from	  the	  analysis.	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Chapter	  3.	  Aim	  1	  	  3.1.	  Background,	  rationale	  and	  goal	  Activation	  of	  the	  ⋅NO-­‐dependent	  VEGF	  pathway	  in	  endothelial	  cells	  is	  critical	  for	  ischemic	  angiogenesis.	  	  Our	  group	  has	  recently	  published	  data	  showing	  that	  VEGF-­‐induced	  oxidants	  as	  well	  as	  direct	  application	  of	  ⋅NO	  stimulate	  S-­‐glutathiolation	  and	  activation	  of	  SERCA	  C674	  in	  HAECs,	  thus	  promoting	  angiogenic	  responses	  in	  endothelial	  cells	  in	  vitro.81	  	  It	  remains	  to	  be	  determined	  whether	  and	  how	  impairing	  SERCA	  redox	  regulation	  in	  the	  SKI	  mouse	  leads	  to	  aberrant	  VEGF/⋅NO	  pathway	  signaling,	  thus	  diminishing	  endothelial	  angiogenic	  responses	  in	  
vitro.	   Several	  specific	  endothelial	  cell	  behaviors	  are	  believed	  to	  be	  critical	  in	  the	  initiation	  of	  the	  angiogenic	  response	  to	  ischemia.	  	  First,	  hypoxic	  conditions	  stimulate	  the	  production	  and	  release	  of	  pro-­‐angiogenic	  factors	  (e.g.	  VEGF),	  which	  then	  bind	  to	  their	  receptors	  on	  the	  endothelial	  cell	  surface.	  	  Subsequently,	  the	  extracellular	  matrix	  is	  degraded	  and	  the	  cells	  begin	  to	  proliferate	  and	  subsequently	  migrate	  directionally	  along	  the	  chemotactic	  gradient.	  	  Following	  additional	  extracellular	  matrix	  remodeling,	  the	  endothelial	  cells	  form	  tubes	  and	  then	  other	  vascular	  cells	  (e.g.	  smooth	  muscle	  cells,	  pericytes)	  and	  matrix	  components	  (e.g.	  collagen,	  elastin)	  contribute	  to	  the	  formation	  of	  a	  mature,	  stabilized	  blood	  vessel.	  	  Several	  of	  these	  processes,	  namely	  proliferation,	  migration	  and	  network	  formation,	  are	  evaluated	  below	  as	  indications	  of	  angiogenic	  potential.	  
	   67	  
The	  goal	  of	  the	  present	  study	  is	  to	  model	  impaired	  glutathiolation	  by	  using	  a	  heterozygote	  knock-­‐in	  mouse	  with	  a	  C674S	  mutation	  in	  SERCA	  2	  (SKI).	  	  An	  advantage	  of	  a	  knock-­‐in	  here	  is	  that	  it	  is	  not	  merely	  modeling	  loss	  of	  function	  secondary	  to	  relative	  or	  absolute	  deficiency	  (as	  in	  knock-­‐out	  animals),	  but	  rather	  dysfunction	  due	  to	  an	  established	  physiological	  mechanism	  of	  altered	  protein	  regulation.	  	  This	  model	  will	  be	  a	  tool	  for	  defining	  the	  significance	  of	  thiol	  modifications	  to	  vascular	  signaling,	  and	  the	  redox	  role	  of	  SERCA	  2	  in	  health	  and	  disease.	  	  
Goal:	  	  To	  determine	  the	  role	  of	  redox	  regulation	  of	  the	  SERCA	  C674	  thiol	  in	  the	  
angiogenic	  response	  to	  VEGF	  and	  ⋅NO	  using	  the	  SKI	  mouse	  lacking	  50%	  of	  the	  
key	  thiol	  as	  a	  model	  of	  decreased	  glutathiolation.	  	  3.2.	  Redox	  dead	  SERCA	  2	  C674	  impairs	  angiogenesis	  in	  vivo	  Prior	  to	  the	  present	  study,	  a	  direct	  connection	  has	  not	  been	  made	  specifically	  between	  SERCA	  function	  and	  angiogenesis,	  and	  a	  landmark	  finding	  is	  that	  a	  single	  cysteine	  mutant	  can	  have	  a	  significant	  in	  vivo	  consequence.	  	  It	  is	  demonstrated	  here	  that	  the	  redox-­‐inactive	  SERCA	  C674S	  mutant	  impairs	  angiogenesis	  in	  vivo.	  	  In	  vivo	  vascular	  development	  was	  assessed	  in	  two	  ways,	  evaluating	  both	  fetal	  and	  adult	  angiogenic	  programs.	  	  Using	  standard	  breeding,	  no	  homozygous	  SKI	  pups	  were	  generated.	  	  In	  an	  assessment	  of	  embryonic	  development	  performed	  with	  Praphulla	  Shukla,	  PhD,	  genomic	  DNA	  sequencing	  of	  whole	  embryos	  (Figure	  7A)	  revealed	  that	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homozygous	  knock-­‐in	  animals	  (serine	  674:	  TCC)	  were	  present	  in	  utero	  up	  to	  day	  8.5,	  just	  prior	  to	  the	  initial	  period	  of	  vascular	  development,	  but	  not	  afterwards.	  	  Gross	  embryonic	  evaluation	  showed	  a	  lack	  of	  blood	  vessels	  in	  homozygous	  SKI	  animals,	  which	  were	  also	  smaller	  compared	  to	  heterozygotes	  (Figure	  7A).	  	  Angiogenesis	  was	  also	  evaluated	  with	  an	  experienced	  animal	  technician,	  Marcy	  Silver,	  using	  the	  well-­‐established	  hind	  limb	  ischemia	  model,	  comparing	  adult	  WT	  and	  heterozygous	  SKI	  animals.	  	  As	  shown	  in	  Figure	  7B,	  SKI	  mice	  had	  impaired	  blood	  flow	  recovery	  at	  21	  and	  28	  days	  post	  hind	  limb	  ischemia,	  indicating	  an	  angiogenic	  defect.	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Figure	  7.	  SERCA	  C674	  is	  required	  for	  vascular	  development	  in	  the	  fetus	  and	  
adult.	  	  A.	  Sequencing	  of	  genomic	  DNA	  at	  day	  8.5	  post-­‐fertilization	  in	  WT	  (C674/C674),	  heterozygote	  (C674/S674)	  and	  homozygote	  (S674/S674)	  embryos.	  	  	  B.	  3.5	  month	  old	  male	  WT	  and	  SKI	  mice	  were	  subjected	  to	  hind	  limb	  ischemia	  by	  ligation	  and	  resection	  of	  the	  left	  femoral	  artery.	  	  Blood	  flow	  recovery	  was	  monitored	  by	  laser	  Döppler	  imaging.	  	  Ischemic	  limbs	  were	  normalized	  to	  the	  control	  limb	  of	  each	  individual	  animal.	  	  ANOVA,	  *	  =	  p	  <	  0.05.	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
WT?
Pre Post Day 14 Day 21 Day 28 
SKI?
Serine 
Cysteine/Serine 
Cysteine 
A. Embryo genomic DNA at E8.5 
C674/C674 
C674/S674 
S674/S674 
B. Hind limb ischemia 
Days
R
at
io
 to
 n
on
-in
ju
re
d
hi
nd
 li
m
b
Pre Post 3 7 14 21 28
0.0
0.5
1.0
1.5
WT
SKI
Days
R
at
io
 to
 n
on
-in
ju
re
d
hi
nd
 li
m
b
Pre Post 3 7 14 21 28
0.0
0.5
1.0
1.5
WT
SKI
	   70	  
	  	  3.3.	  Establishment	  of	  a	  cell	  culture	  model	  Given	  the	  importance	  of	  the	  endothelium	  to	  angiogenesis,	  primary	  endothelial	  cells	  were	  isolated	  from	  WT	  type	  and	  SKI	  animals	  to	  investigate	  the	  consequences	  of	  impaired	  glutathiolation	  of	  SERCA	  C674	  and	  evaluate	  their	  angiogenic	  behavior	  in	  culture.	  	  Initially,	  cardiac	  microvascular	  endothelial	  cells	  were	  isolated	  based	  on	  CD31	  labeling	  using	  the	  Miltenyi	  AutoMACS	  Cell	  Separator	  with	  a	  combination	  of	  CD31	  antibody	  labeling	  and	  magnetic	  microbeads	  interacting	  with	  a	  column.	  	  The	  endothelial	  cell	  sample	  purity	  was	  high,	  with	  82%-­‐91%	  of	  the	  cells	  in	  a	  sample	  being	  CD31-­‐labeled	  (Figure	  8).	  	  Sequencing	  of	  reverse	  transcribed	  RNA	  was	  also	  used	  to	  confirm	  that	  the	  isolated	  SKI	  endothelial	  cells	  in	  fact	  expressed	  the	  SERCA	  2	  C674S	  mutation	  (Figure	  9).	  However,	  while	  the	  ease	  of	  tissue	  handling	  and	  minimal	  non-­‐target	  cell	  contamination,	  along	  with	  ease	  of	  culture	  was	  a	  decided	  benefit	  of	  using	  cardiac	  endothelial	  cells,	  it	  was	  determined	  that	  using	  endothelial	  cells	  from	  the	  vascular	  bed	  investigated	  in	  the	  in	  vivo	  hind	  limb	  ischemia	  studies	  would	  have	  greater	  relevance.	  	  Subsequently,	  hind	  limb	  muscle	  microvascular	  endothelial	  cells	  were	  isolated	  from	  WT	  and	  SKI	  mice.	  	  Unfortunately,	  yields	  were	  unacceptably	  low	  to	  be	  feasible,	  and	  cells	  lacked	  the	  robustness	  to	  survive	  in	  culture	  much	  beyond	  passage	  3.	  	  Furthermore,	  while	  enrichment	  of	  eNOS	  protein	  in	  freshly	  isolated	  cells	  compared	  to	  the	  parent	  tissue	  was	  indicative	  of	  endothelial	  cell	  enrichment	  in	  the	  samples	  (Figure	  10),	  fibroblast	  contamination	  and	  culture	  dominance	  was	  a	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significant	  barrier	  to	  the	  continued	  culture	  of	  these	  slowly	  growing	  endothelial	  cells.	  	  As	  a	  result,	  microvascular	  murine	  cardiac	  endothelial	  cells	  (MCECs)	  were	  cultured	  and	  early	  passages	  used	  to	  assess	  implications	  of	  the	  SKI	  mutation	  in	  basic	  endothelial	  cell	  functions.	  	  (As	  a	  side	  note,	  animal	  age	  had	  a	  greater	  influence	  on	  eNOS	  protein	  levels	  than	  genotype	  in	  freshly	  isolated	  cells,	  with	  pups	  aged	  an	  additional	  10	  days	  having	  higher	  levels.)	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Figure	  8.	  	  Assessment	  of	  endothelial	  cell	  purity.	  	  Flow	  cytometry	  was	  used	  to	  determine	  CD31	  labeling	  percentage.	  	  A.	  	  Upper:	  Plot	  of	  side	  scattered	  light	  (SSC-­‐H)	  vs.	  forward	  scattered	  light	  (FSC-­‐H)	  in	  a	  sample	  of	  a	  heterogenous	  population	  of	  cells	  isolated	  from	  the	  hearts	  of	  WT	  mice	  using	  the	  Miltenyi	  AutoMACS	  Cell	  Separator.	  	  Lower:	  Histogram	  of	  the	  scatter	  plot	  above.	  	  B.	  	  Gated	  MCECs	  (FL2	  channel,	  M2	  population)	  ranged	  from	  82-­‐91%	  CD31	  labeling.	  	  Lower:	  Histogram	  of	  the	  scatter	  plot	  above.	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Figure	  9.	  	  SKI	  endothelial	  cells	  express	  C674S	  mutation.	  	  Sequencing	  of	  reverse	  transcribed	  mRNA	  from	  freshly	  isolated	  endothelial	  cells	  from	  WT	  and	  heterozygous	  SKI	  animals	  confirms	  endothelial	  expression	  of	  the	  mutation.	  	  TCC	  =	  Serine	  Codon,	  TGT	  =	  Cysteine	  Codon.	  	  SKI	  animals	  show	  mixed	  peaks	  for	  TGT/TCC.	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Figure	  10.	  	  eNOS	  enrichment	  of	  endothelial	  cells	  from	  hind	  limb	  muscle.	  	  Western	  blot	  of	  eNOS	  protein	  levels	  in	  endothelial	  cells	  isolated	  from	  hind	  limb	  muscle	  compared	  to	  whole	  hind	  limb	  muscle	  tissue	  from	  two	  different	  litters	  (L1=younger	  and	  L2=older)	  aged	  10	  days	  apart.	  	  n	  =	  3	  WT	  animals	  and	  3	  SKI	  animals.	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3.4.	  SKI	  impairs	  VEGF/⋅NO-­‐dependent	  endothelial	  function	  in	  vitro	  	  3.4.1.	  ⋅NO-­‐induced	  SERCA	  glutathiolation	  is	  impaired	  in	  SKI	  	   Because	  previous	  studies	  in	  HAECs	  have	  indicated	  that	  SERCA	  gluthiolation	  induced	  by	  ⋅NO	  promotes	  endothelial	  angiogenic	  behaviors	  in	  culture,81	  it	  was	  first	  determined	  whether	  the	  SKI	  endothelial	  cells	  have	  impaired	  glutathiolation	  as	  compared	  to	  WT.	  	  SERCA	  glutathiolation	  was	  assessed	  by	  immunoprecipitating	  SERCA	  protein	  and	  then	  immunoblotting	  for	  both	  glutathione	  and	  SERCA.	  	  These	  preliminary	  experiments	  suggested	  that	  basal	  and	  ⋅NO-­‐stimulated	  glutathiolation	  was	  decreased	  in	  SKI	  endothelial	  cells	  (Figure	  11).	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Figure	  11.	  	  SERCA	  Glutathiolation.	  	  Cultured	  murine	  cardiac	  endothelial	  cells	  were	  exposed	  to	  ∙NO	  gas	  (10	  μM)	  for	  3	  minutes.	  	  SERCA	  protein	  was	  then	  immunoprecipitated	  using	  a	  custom	  polyclonal	  antibody	  and	  then	  immunoblotted	  with	  glutathione	  and	  SERCA	  2	  antibodies	  to	  detect	  glutathione	  adducts	  specifically	  on	  SERCA	  protein.	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3.4.2.	  In	  vitro	  endothelial	  cell	  functional	  assays	  After	  establishing	  the	  degree	  to	  which	  SERCA	  was	  glutathiolated	  in	  WT	  vs.	  SKI	  endothelial	  cells,	  it	  was	  next	  determined	  how	  this	  difference	  in	  glutathiolation	  might	  affect	  pro-­‐angiogenic	  endothelial	  cell	  function	  in	  culture.	  	  The	  first	  stage	  of	  angiogenesis	  requires	  activation	  and	  proliferation	  of	  the	  endothelial	  cell	  in	  response	  to	  VEGF	  signaling,	  and	  this	  latter	  function	  was	  assessed	  by	  3H-­‐thymidine	  incorporation.	  	  The	  data	  demonstrate	  that	  VEGF-­‐induced	  SKI	  endothelial	  cell	  proliferation	  was	  impaired	  relative	  to	  WT	  cells	  (Figure	  12).	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Figure	  12.	  Endothelial	  cell	  proliferation.	  	  Proliferation	  of	  MCECs	  was	  evaluated	  using	  3H-­‐thymidine	  incorporation	  following	  24	  hour	  exposure	  to	  VEGF	  (50	  ng/mL).	  	  Radioactivity	  was	  measured	  as	  disintigrations/minute	  (DPM).	  	  Final	  values	  were	  normalized	  to	  WT	  control	  samples.	  	  n	  =	  3,	  Student’s	  t-­‐Test,	  *	  =	  	  p	  <	  0.01.	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Following	  proliferation,	  endothelial	  cells	  migrate	  in	  response	  to	  chemotactic	  gradients	  of	  growth	  factors.	  	  A	  monolayer	  scratch	  wound	  assay	  was	  used	  to	  evaluate	  endothelial	  cell	  migration	  in	  response	  to	  VEGF.	  	  The	  data	  show	  that	  VEGF-­‐induced	  migration	  is	  impaired	  (Figure	  13).	  	  Because	  migration	  is	  a	  complex	  process	  and	  appropriate	  intracellular	  Ca2+	  handling	  is	  critical	  to	  multiple	  steps	  in	  the	  process,	  the	  migratory	  defect	  could	  be	  due	  to	  many	  factors,	  including	  the	  ability	  of	  VEGF	  to	  signal	  appropriately	  or	  ability	  of	  the	  cell	  to	  respond	  to	  VEGF	  signaling,	  failed	  disruption	  and	  reformation	  of	  intercellular	  as	  well	  as	  matrix	  adhesions,	  impaired	  movement	  due	  to	  cytoskeletal	  or	  other	  abnormalities.	  	  Another	  important	  step	  in	  the	  formation	  of	  the	  structure	  of	  a	  nascent	  vessel	  is	  organization	  of	  endothelial	  cells	  into	  a	  tube.	  	  The	  Matrigel	  assay	  takes	  advantage	  of	  the	  phenomenon	  that	  cultured	  endothelial	  cells	  will	  spontaneously	  form	  capillary-­‐like	  network	  structures	  when	  seeded	  on	  this	  complex	  solubilized	  extracellular	  matrix	  rich	  in	  laminin,	  collagen	  IV	  and	  heparan	  sulfate	  proteoglycans.	  	  The	  data	  show	  that	  basal-­‐	  and	  VEGF-­‐induced	  capillary-­‐like	  network	  formation	  is	  impaired	  in	  SKI	  endothelial	  cells	  (Figure	  14).	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Figure	  13.	  	  Endothelial	  cell	  migration.	  	  Cultured	  MCEC	  migration	  was	  evaluated	  using	  a	  monolayer	  scratch	  wound	  assay.	  	  Cells	  were	  exposed	  either	  to	  serum	  free	  medium	  or	  VEGF	  (50	  ng/mL)	  for	  6	  hours.	  	  Migration	  into	  the	  denuded	  area	  is	  represented	  as	  μM/6	  hours.	  	  n	  =	  5,	  Two-­‐Way	  ANOVA,	  *	  =	  p	  <	  0.05.	  	  	  	  	  	  	  	  
Endothelial Cell Migration
µ
M
/6
 h
ou
rs
No Treatment VEGF
0
50
100
150 WT
SKI
!"#$"
%"#$"
&"
Endothelial Cell Migration
µ
M
/6
 h
ou
rs
No Treatment SNP VEGF
0
50
100
150
WT
SKI
'!("
'!("
	   81	  
	  
Figure	  14.	  	  Network	  formation	  assay.	  	  Capillary-­‐like	  network	  formation	  was	  evaluated	  in	  cultured	  MCECs	  seeded	  on	  BD	  MatrigelTM.	  	  Cells	  were	  exposed	  to	  serum	  free	  medium	  or	  VEGF	  (50	  ng/mL)	  for	  6	  hours.	  	  n	  =	  4.	  	  *	  =	  p	  <	  0.05	  compared	  to	  WT.	  	  **	  =	  p	  <	  0.01	  compared	  to	  WT.	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3.4.3.	  Endothelial	  cell	  Ca2+	  studies	  Given	  that	  Ca2+	  flux	  and	  signaling	  are	  believed	  to	  be	  important	  to	  the	  proliferative	  and	  migratory	  function	  and	  also	  possibly	  network	  organization	  in	  endothelial	  cells,	  combined	  with	  the	  fact	  that	  SERCA	  is	  a	  major	  Ca2+	  handling	  protein,	  abnormalities	  in	  Ca2+	  flux	  were	  investigated	  as	  one	  potential	  underlying	  mechanism	  for	  endothelial	  dysfunction.	  	  Previous	  studies	  have	  demonstrated	  that	  
⋅NO-­‐mediated	  SERCA	  glutathiolation	  increases	  Ca2+	  uptake	  into	  the	  ER.66	  	  Here,	  the	  redox	  dependence	  of	  Ca2+	  uptake	  was	  evaluated	  first	  in	  HAECs.	  	  SERCA	  activity	  was	  measured	  by	  thapsigargin-­‐sensitive	  45Ca2+	  uptake	  in	  saponin-­‐permeablized	  cells,	  and	  the	  data	  show	  that	  both	  VEGF	  and	  ⋅NO	  stimulate	  endothelial	  cell	  SERCA	  Ca2+	  uptake	  activity	  (Figure	  15A).	  	  VEGF	  stimulation	  is	  prevented	  by	  the	  NOS	  inhibitor	  L-­‐NAME,	  consistent	  with	  VEGF	  stimulation	  requiring	  ⋅NO	  (Figure	  15A).	  	  These	  findings	  are	  consistent	  with	  the	  literature	  demonstrating	  that	  VEGF	  signals,	  in	  part,	  through	  an	  increase	  in	  intracellular	  Ca2+	  which	  triggers	  eNOS	  activation.17	  	  Adenoviral	  overexpression	  of	  redox	  dead	  SERCA	  2b	  C674S	  resulted	  in	  loss	  of	  redox	  regulation	  of	  SERCA	  Ca2+	  uptake	  in	  endothelial	  cells	  compared	  to	  overexpression	  of	  WT	  SERCA	  2b	  (Figure	  15B).	  	  In	  untransfected	  MCECs,	  ⋅NO	  stimulates	  SERCA	  Ca2+	  uptake	  activity	  in	  WT	  but	  not	  SKI	  cells,	  demonstrating	  that	  endogenous	  levels	  of	  normal	  SERCA	  are	  critical	  for	  this	  redox-­‐dependent	  response,	  and	  not	  merely	  an	  artifact	  of	  an	  overexpression	  system	  (Figure	  15C).	  	  Furthermore,	  this	  difference	  in	  uptake	  activity	  is	  not	  due	  to	  differences	  in	  expression	  between	  mouse	  strains,	  as	  SERCA	  2	  expression	  was	  the	  same	  in	  WT	  and	  SKI	  MCECs	  (Figure	  15D).	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Figure	  15.	  	  Redox-­‐dependent	  SERCA	  activity	  in	  endothelial	  cells.	  	  A.	  	  SERCA	  activity	  was	  assessed	  by	  thapsigargin-­‐sensitive	  45Ca2+	  uptake	  in	  saponin-­‐permeablized	  HAECs	  treated	  for	  2	  hours	  with	  DETA	  NONOate	  (30	  mM),	  VEGF	  (50	  ng/mL)	  or	  VEGF	  with	  L-­‐NAME	  (30	  mM).	  n=	  6.	  	  *	  p	  <	  0.05,	  **	  p	  <	  0.01.	  	  B.	  	  45Ca2+	  uptake	  after	  48	  hour	  adenovirally-­‐mediated	  overexpression	  of	  WT	  or	  C674S	  mutant	  SERCA	  2b	  in	  HAECs.	  	  n	  =	  3.	  	  p	  <	  0.05.	  	  C.	  45Ca2+	  uptake	  after	  2	  hour	  treatment	  of	  WT	  or	  SKI	  MCECs	  with	  DETA	  NONOate	  (30	  mM).	  	  n=	  6.	  	  *	  p	  <	  0.05.	  	  D.	  	  SERCA	  2	  mRNA	  expression	  in	  WT	  and	  SKI	  MCECs.	  	  n	  =	  3.	  	  p	  >	  0.05.	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The	  justification	  for	  focusing	  on	  SERCA	  2	  in	  the	  present	  thesis,	  and	  SERCA	  2b	  in	  these	  specific	  experiments	  is	  two-­‐fold.	  	  First,	  while	  much	  of	  the	  endothelial	  cell	  Ca2+	  literature	  focuses	  on	  the	  role	  of	  SERCA	  3,	  I	  have	  found	  that	  SERCA	  2	  expression	  is	  higher	  in	  both	  HAECs	  and	  MCECs	  (Figure	  16A-­‐B).	  	  (N.B.	  Endothelial	  cells	  do	  not	  express	  SERCA	  1.)	  	  SERCA	  2b	  is	  the	  isoform	  expressed	  in	  all	  cells	  of	  the	  body,	  and	  the	  only	  SERCA	  2	  isoform	  expressed	  in	  endothelial	  cells.	  	  Certain	  subpopulations	  of	  endothelial	  cells	  from	  specific	  arteries	  and	  veins	  (e.g.	  the	  vena	  cava)	  express	  only	  SERCA	  2	  and	  not	  SERCA	  3.150	  	  In	  addition,	  SERCA	  2	  has	  a	  dramatically	  greater	  influence	  on	  Ca2+	  uptake	  activity	  than	  SERCA	  3.	  	  In	  an	  siRNA	  knockdown	  experiment,	  knockdown	  of	  SERCA	  2	  led	  to	  a	  greater	  than	  90%	  decrease	  in	  45Ca2+	  uptake	  in	  HAECs	  whereas	  knockdown	  of	  SERCA	  3	  had	  no	  effect	  (Figure	  16C).	  	  Taken	  together,	  these	  data	  demonstrate	  for	  the	  first	  time	  that	  SERCA	  2,	  and	  not	  other	  SERCA	  isoforms,	  is	  the	  critical	  mediator	  of	  ER	  Ca2+	  uptake	  endothelial	  cells.	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Figure	  16.	  	  SERCA	  2	  is	  the	  dominant	  isoform	  in	  endothelial	  cells.	  	  A.	  	  mRNA	  expression	  of	  SERCA	  2	  and	  SERCA	  3	  in	  HAECs	  in	  relative	  expression	  units	  normalized	  to	  18s	  control	  (REU).	  	  n=6.	  	  B.	  	  mRNA	  expression	  of	  SERCA	  2	  and	  SERCA	  3	  in	  WT	  MCECs	  in	  REU.	  	  	  n	  =	  6.	  	  C.	  	  45Ca2+	  uptake	  into	  saponin-­‐permeablized	  HAECs	  after	  72	  hour	  knockdown	  of	  SERCA	  2	  or	  SERCA	  3.	  	  n	  =	  3.	  	  *	  =	  p	  <	  0.05,	  	  **	  =	  p	  <	  0.01.	  	  	  	  	  	  	  	  
siControl siSERCA2 siSERCA3 
SERCA 2 
SERCA 3 
GAPDH 
R
at
io
 o
f T
ha
ps
ig
ar
gi
n
-S
en
si
tiv
e 
45
C
a2
+  U
pt
ak
e
siControl siSERCA 2 siSERCA 3
0.0
0.5
1.0
1.5
** 
SERCA 2 SERCA 3
0
100
200
300
400
R
EU
R
EU
SERCA 2 SERCA 3
0
200
400
600
800
HAECs 
MCECs 
** 
* 
!"# $"#
%"#
!""#
$%#
!""#
	   86	  
	   	   In	  addition	  to	  their	  other	  effects,	  we	  have	  recently	  shown	  that	  VEGF	  and	  ⋅NO	  induce	  Ca2+	  influx	  in	  HAECs.81	  	  Using	  Fura-­‐2	  Ca2+	  signaling	  studies,	  it	  is	  demonstrated	  here	  that	  SKI	  MCECs	  have	  impaired	  VEGF-­‐	  and	  ⋅NO-­‐induced	  Ca2+	  influx,	  as	  well	  as	  diminished	  ionomycin-­‐releasable	  Ca2+	  stores	  (Figure	  17A-­‐C).	  	  Furthermore,	  it	  is	  shown	  that	  VEGF	  affects	  Ca2+	  stores.	  	  	  WT	  MCECs	  pre-­‐treated	  with	  VEGF	  have	  lower	  ionomycin-­‐releasable	  stores	  (Figure	  17D),	  suggesting	  that	  Ca2+	  store	  release	  may	  play	  a	  role	  in	  the	  VEGF	  response.	  	  SKI	  endothelial	  cells	  have	  lower	  baseline	  Ca2+	  stores,	  and	  VEGF	  fails	  to	  diminish	  these	  stores	  further.	  	  The	  lower	  Ca2+	  influx	  in	  SKI	  endothelial	  cells	  is	  consistent	  with	  the	  lower	  stores	  and	  experiments	  showing	  that	  the	  store-­‐operated	  Ca2+	  entry	  channel	  Orai1	  is	  required	  for	  ⋅NO-­‐	  and	  VEGF-­‐induced	  Ca2+	  influx	  (Figure	  18).	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Figure	  17.	  	  Intracellular	  Ca2+	  imaging.	  	  Intracellular	  Ca2+	  was	  measured	  in	  MCECs	  using	  Fura-­‐2,	  AM	  (Life	  Technologies).	  	  Fluorescence	  intensity	  was	  recorded	  as	  the	  ratio	  of	  340nm/380nm.	  	  Data	  were	  quantified	  as	  the	  change	  in	  ratio	  from	  baseline	  to	  peak	  Ca2+	  level.	  	  A.	  ∙NO-­‐induced	  Ca2+	  influx	  (10	  μM	  ),	  n	  =	  3.	  	  B.	  	  VEGF-­‐induced	  Ca2+	  influx	  (50	  ng/mL),	  n	  =	  4.	  	  C.	  	  Ionomycin-­‐induced	  Ca2+	  store	  release	  (1	  μM)	  ,	  n	  =	  4.	  	  D.	  	  45	  minute	  pre-­‐treatment	  with	  VEGF	  (50	  ng/mL),	  then	  ionomycin-­‐induced	  (1	  μM)	  Ca2+	  store	  release,	  n	  =	  4.	  	  Student’s	  t-­‐Test,	  *	  =	  p	  <	  0.05.	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Figure	  18.	  	  Store-­‐operated	  Ca2+	  influx	  and	  store	  emptying	  are	  required	  for	  
VEGF-­‐induced	  Ca2+	  influx.	  	  Ca2+	  influx	  in	  HAECs	  in	  response	  to	  VEGF	  (50	  ng/mL)	  or	  ∙NO	  (10	  µM)	  in	  cells	  treated	  with	  siRNA	  against	  Orai1	  shown	  as	  representative	  VEGF	  (A)	  or	  ∙NO	  gas	  (B)	  response	  trace	  and	  quantitation	  of	  maximal	  Ca2+	  (C,	  n	  =	  3,	  **	  
p<0.01,	  ***	  p<0.001).	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3.5.	  Discussion	  	   3.5.1.	  Redox	  active	  SERCA	  2	  C674	  is	  required	  for	  in	  vivo	  angiogenesis	  	   Aim	  1	  of	  this	  thesis	  has	  established	  for	  the	  first	  time	  the	  importance	  of	  redox	  regulation	  of	  SERCA	  2	  at	  C674	  to	  in	  vivo	  angiogenesis.	  	  Failure	  of	  homozygous	  mice	  to	  develop	  beyond	  the	  stage	  of	  prenatal	  vascular	  development	  demonstrates	  that	  a	  minimum	  of	  50%	  redox	  active	  SERCA	  2	  C674	  is	  required	  for	  successful	  fetal	  angiogenic	  development.	  	  In	  addition,	  although	  angiogenesis	  in	  the	  adult	  can	  occur	  with	  only	  50%	  redox	  active	  SERCA,	  the	  response	  is	  significantly	  impaired.	  	  Given	  that	  development	  to	  the	  adult	  was	  not	  severely	  affected	  by	  heterozygote	  expression	  of	  the	  mutant	  SERCA	  2	  C674S	  allele,	  it	  is	  possible	  that	  either	  late	  stage	  developmental	  angiogenesis	  avoids	  redox-­‐regulated	  mechanisms,	  or	  those	  changes	  in	  endothelial	  cells	  that	  occur	  during	  ischemia	  or	  during	  growth	  factor	  responses	  in	  
vitro	  require	  them	  to	  a	  greater	  degree.	  	  One	  speculation	  is	  that	  in	  vivo	  studies	  of	  SKI	  mice	  under	  various	  conditions	  of	  increased	  oxidant	  generation	  might	  further	  reveal	  the	  importance	  of	  redox-­‐dependent	  regulation	  by	  SERCA	  of	  Ca2+	  stores	  shown	  here.	  	   3.5.2.	  Expression	  of	  the	  SERCA	  2	  C674S	  mutant	  promotes	  endothelial	  dysfunction	  in	  vitro	  through	  ⋅NO/VEGF	  pathway	  disruption	  In	  addition	  to	  the	  in	  vivo	  effect,	  redox	  inactivation	  of	  SERCA	  2	  at	  C674	  impaired	  Ca2+	  store	  regulation	  and	  largely	  prevented	  ⋅NO-­‐dependent	  45Ca2+	  uptake	  and	  VEGF-­‐mediated	  angiogenic	  behavior	  in	  vitro.	  	  This	  work,	  which	  did	  not	  require	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adenoviral	  overexpression	  of	  SERCA,	  also	  verifies	  the	  importance	  of	  endogenous	  levels	  of	  the	  SERCA	  2	  redox-­‐sensitive	  C674	  thiol	  for	  angiogenic	  behavior.	  As	  described	  in	  the	  introduction,	  angiogenesis	  is	  a	  complex	  process	  requiring	  endothelial	  cell	  activation	  and	  vascular	  basement	  membrane	  disruption	  followed	  by	  proliferation	  and	  migration	  of	  endothelial	  cells	  in	  response	  to	  chemotactic	  gradients	  of	  growth	  factors	  and	  VEGF	  signaling.	  	  The	  proliferation	  and	  in	  vitro	  monolayer	  scratch	  wound	  assays	  showed	  that	  SKI	  MCECs	  had	  impaired	  proliferative	  and	  migratory	  responses	  to	  VEGF,	  suggesting	  a	  critical	  defect	  in	  early	  stages	  of	  the	  angiogenic	  process.	  	  Another	  important	  step	  in	  the	  formation	  of	  the	  structure	  of	  a	  nascent	  vessel	  is	  organization	  of	  endothelial	  cells	  into	  a	  network.	  	  Network	  formation	  is	  a	  complex	  process	  that	  requires	  coordinated	  interaction	  not	  only	  between	  cells	  to	  achieve	  appropriate	  directional	  movement	  and	  juxtaposition,	  but	  also	  with	  the	  extracellular	  matrix	  for	  the	  disruption	  and	  reformation	  of	  adhesions	  to	  the	  basement	  membrane.	  	  The	  Matrigel	  assay	  data	  suggest	  that	  basal-­‐	  and	  VEGF-­‐induced	  network	  formation	  is	  impaired	  in	  SKI	  MCECs,	  indicating	  a	  required	  role	  for	  SERCA	  redox	  regulation	  in	  the	  ability	  of	  endothelial	  cells	  to	  execute	  complex	  cell-­‐cell	  and	  cell-­‐matrix	  interactions	  in	  response	  to	  VEGF/⋅NO	  signaling	  in	  vitro.	  	   3.5.3.	  Expression	  of	  the	  SERCA	  2	  C674S	  mutant	  diminishes	  Ca2+	  stores	  Fura-­‐2	  Ca2+	  signaling	  studies	  demonstrated	  impaired	  VEGF-­‐	  and	  ⋅NO-­‐induced	  Ca2+	  influx	  in	  addition	  to	  significantly	  decreased	  ionomycin-­‐releasable	  Ca2+,	  indicating	  that	  SKI	  MCECs	  have	  diminished	  Ca2+	  stores.	  	  The	  latter	  result	  is	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consistent	  with	  the	  finding	  of	  impaired	  ⋅NO-­‐stimulated	  Ca2+	  store	  filling	  demonstrated	  in	  the	  45Ca2+	  uptake	  assay.	  	  Furthermore,	  pretreatment	  of	  WT	  MCECs	  with	  VEGF	  decreased	  ionomycin-­‐releasable	  Ca2+,	  indicating	  that	  Ca2+	  store	  release	  plays	  a	  role	  in	  the	  VEGF	  response.	  	  However,	  in	  SKI	  MCECs,	  VEGF	  failed	  to	  further	  diminish	  the	  already	  depleted	  stores.	  	  These	  data	  are	  consistent	  with	  a	  requirement	  for	  Ca2+	  store	  depletion	  mediated	  Ca2+	  influx	  for	  VEGF-­‐induced	  angiogenic	  behaviors,	  and	  suggest	  that	  SKI	  endothelial	  cells	  may	  have	  impaired	  angiogenic	  responses	  because	  of	  inadequate	  stores	  or	  inadequately	  responsive	  stores.	  	  Although	  this	  study	  confirmed	  that	  cultured	  endothelial	  cells	  from	  SKI	  mice	  exhibit	  abnormal	  function,	  because	  the	  SKI	  mouse	  expresses	  the	  mutant	  SERCA	  in	  all	  cells,	  it	  is	  possible	  that	  other	  cells	  may	  contribute	  to	  the	  abnormal	  responses	  observed	  in	  the	  SKI	  mouse	  in	  vivo.	  	   3.5.4.	  Concluding	  remarks	  This	  aim	  succeeded	  in	  establishing	  the	  importance	  of	  redox	  regulation	  of	  SERCA	  2	  C674	  to	  basic	  endothelial	  biology	  and	  angiogenic	  potential.	  	  Specifically,	  it	  identified	  a	  required	  role	  of	  redox	  regulation	  of	  the	  SERCA	  2	  C674	  thiol	  in	  the	  angiogenic	  response	  to	  VEGF	  and	  ⋅NO,	  and	  demonstrated	  that	  altered	  SERCA	  redox	  regulation	  in	  SKI	  MCECs	  leads	  to	  aberrant	  VEGF/⋅NO	  pathway	  Ca2+	  signaling,	  thus	  diminishing	  angiogenic	  responses	  (Figure	  19).	  	  A	  major	  novel	  finding	  is	  not	  only	  that	  redox	  regulation	  of	  SERCA	  via	  reversible	  S-­‐glutathiolation	  at	  C674	  is	  critical	  for	  promoting	  endothelial	  angiogenic	  behaviors,	  but	  there	  is	  new	  evidence	  to	  suggest	  a	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Ca2+-­‐dependent	  mechanism	  of	  endothelial	  dysfunction	  driven	  by	  disruption	  of	  VEGF/⋅NO	  signaling.	  	  Thus,	  there	  is	  a	  novel	  connection	  between	  S-­‐glutathiolation	  of	  SERCA	  and	  Ca2+	  homeostasis	  that	  has	  broad	  consequences	  for	  endothelial	  angiogenic	  function	  that	  warrants	  further	  investigation.	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Figure	  19.	  	  Aim	  1	  pathway	  summary.	  	  Black	  arrows	  indicate	  previously	  known	  pathway	  components.	  	  Green	  arrows	  indicate	  new	  contributions.	  	  VEGF	  stimulates	  eNOS	  phosphorylation	  and	  activation	  through	  PI3	  kinase/Akt	  signaling.	  	  Both	  Ca2+-­‐dependent	  and	  Ca2+-­‐independent	  eNOS	  activation	  occurs.	  	  eNOS	  activation	  leads	  to	  
⋅NO	  production.	  ⋅NO	  subsequently	  glutathiolates	  SERCA	  2	  specifically	  at	  C674,	  leading	  to	  enhanced	  ER	  Ca2+	  uptake.	  	  Increased	  ER	  Ca2+	  uptake	  is	  associated	  with	  enhanced	  pro-­‐angiogenic	  endothelial	  cell	  behavior	  in	  vitro	  and	  angiogenesis	  in	  vivo.	  	  SERCA	  glutathiolation	  is	  also	  important	  for	  VEGF-­‐	  and	  ⋅NO-­‐induced	  Ca2+	  influx	  into	  endothelial	  cells	  through	  the	  Orai1	  store	  operated	  Ca2+	  entry	  channel.	  	  Ca2+	  entry	  increases	  cytosolic	  [Ca2+],	  promoting	  activation	  of	  Ca2+/calmodulin	  (Ca2+/CaM),	  further	  increasing	  Ca2+-­‐dependent	  eNOS	  activation.	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Chapter	  4.	  Aim	  2	  	  4.1.	  Background,	  rationale	  and	  goal	  Although	  low	  physiological	  levels	  of	  RONS	  stimulate	  reversible	  S-­‐glutathiolation	  of	  SERCA,	  higher	  chronic	  levels	  are	  associated	  with	  pathological	  irreversible	  oxidation.	  	  Increased	  ROS	  production	  and	  protein	  glutathiolation	  are	  associated	  with	  cellular	  hypoxia/reoxygenation	  in	  vitro	  and	  ischemia/reperfusion	  injury	  in	  vivo.	  	  However,	  a	  role	  for	  protein	  glutathiolation	  in	  regulating	  the	  response	  to	  ischemia	  has	  not	  been	  established,	  and	  the	  balance	  between	  physiological	  signaling	  RONS	  promoting	  reversible	  glutathiolation	  and	  pathological	  levels	  of	  RONS	  causing	  irreversible	  protein	  oxidation	  is	  incompletely	  understood.	  	  Furthermore,	  specific	  targets	  of	  glutathiolation	  are	  only	  beginning	  to	  be	  identified.	  	  One	  aim	  of	  this	  thesis	  is	  not	  only	  to	  identify	  SERCA	  glutathiolation	  as	  a	  key	  regulator	  of	  general	  endothelial	  cell	  angiogenic	  behaviors,	  but	  to	  also	  specifically	  link	  it	  to	  the	  ischemic	  response.	  	  
Goal:	  	  To	  elucidate	  the	  role	  of	  SERCA	  C674	  S-­‐glutathiolation	  in	  the	  response	  of	  
the	  endothelial	  cell	  to	  ischemia.	  	  	  4.2.	  Acute	  ischemia	  induces	  SERCA	  S-­‐glutathiolation	  	   A	  major	  novel	  finding	  of	  the	  present	  work	  is	  that	  ischemia	  causes	  SERCA	  glutathiolation.	  	  Yu	  Mei,	  a	  postdoctoral	  fellow	  in	  our	  laboratory,	  found	  that	  S-­‐
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glutathiolation,	  assessed	  by	  immunoprecipitating	  SERCA	  protein	  and	  immunoblotting	  for	  GSH,	  increased	  rapidly	  in	  ischemic	  limb	  muscle	  tissue	  during	  the	  initial	  24	  hours	  of	  ischemia	  (Figure	  20A)	  and	  was	  maintained	  for	  at	  least	  3	  days	  post	  femoral	  artery	  ligation	  (Figure	  20B).	  	  At	  3	  days	  post	  hind	  limb	  ischemia,	  WT	  mice	  had	  a	  significantly	  greater	  increase	  in	  SERCA	  glutathiolation	  than	  SKI	  mice	  in	  the	  ischemic	  hind	  limb	  muscle	  (Figure	  20B).	  Because	  the	  endothelium	  is	  a	  major	  contributor	  to	  angiogenesis	  after	  hind	  limb	  ischemia,	  MCECs	  were	  exposed	  to	  hypoxia	  to	  mimic	  acute	  ischemia	  to	  determine	  whether	  GSH	  adducts	  form	  specifically	  on	  the	  SERCA	  C674	  thiol	  in	  endothelial	  cells.	  	  As	  shown	  in	  Figure	  20C,	  hypoxia	  significantly	  increased	  SERCA	  GSH	  adducts	  in	  WT	  cells,	  but	  not	  in	  SKI	  cells,	  indicating	  the	  major	  site	  of	  hypoxia-­‐induced	  GSH	  adducts	  on	  SERCA	  2	  is	  C674	  in	  endothelial	  cells.	  	  	  	  	  	  	  	  	  	  	  
	   96	  
	  
	  
Figure	  20.	  	  Ischemia	  and	  hypoxia	  induce	  SERCA	  glutathiolation.	  	  A.	  Time	  course	  of	  SERCA	  glutathiolation	  in	  WT	  animals	  subjected	  to	  hind	  limb	  ischemia.	  	  Ischemic	  and	  non-­‐ischemic	  hind	  limb	  muscle	  tissue	  was	  harvested,	  and	  SERCA	  protein	  was	  immunoprecipitated	  from	  whole	  tissue	  lysates	  using	  a	  custom	  polyclonal	  antibody	  and	  then	  immuno-­‐blotted	  with	  anti-­‐glutathione	  (GSH)	  and	  SERCA	  2	  antibodies	  to	  detect	  glutathione	  adducts	  specifically	  on	  SERCA	  protein.	  	  N	  =	  Non-­‐ischemic,	  I	  =	  ischemic.	  	  B.	  WT	  and	  SKI	  animals	  were	  subjected	  to	  3	  days	  of	  hind	  limb	  ischemia	  and	  ischemic	  and	  non-­‐ischemic	  muscle	  tissue	  were	  immunoprecipitated	  and	  blotted	  for	  glutathione	  and	  SERCA	  as	  above.	  	  n	  =	  5.	  	  Data	  courtesy	  of	  Yu	  Mei.	  	  C.	  MCECs	  were	  subjected	  to	  24	  hours	  of	  hypoxia,	  and	  whole	  cell	  lysates	  were	  immunoprecipitated	  and	  blotted	  for	  glutathione	  and	  SERCA	  as	  above.	  	  n	  =	  3.	  	  *	  =	  p	  <	  0.05.	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4.3.	  Chronic	  ischemia	  induces	  irreversible	  oxidation	  of	  SERCA	  2	  C674	  to	  SERCA	  2	  C674-­‐SO3	  	   	   A	  critical	  concept	  in	  redox	  biochemistry	  is	  the	  physiological	  and	  pathological	  significance	  of	  RONS	  concentration.	  	  While	  physiological	  levels	  of	  RONS	  are	  thought	  to	  be	  involved	  in	  the	  normal	  redox-­‐regulation	  of	  SERCA,	  aberrantly	  high	  levels	  cause	  irreversible	  oxidation.66	  	  Because	  irreversibly	  oxidized	  SERCA	  cannot	  be	  stimulated	  by	  ⋅NO-­‐induced	  GSH	  adducts,66	  its	  presence	  may	  serve	  as	  a	  biomarker	  of	  perturbed	  
⋅NO	  functional	  dynamics	  in	  vascular	  tissue.	  SERCA	  is	  irreversibly	  oxidized	  at	  the	  sensitive	  C674	  thiol	  in	  multiple	  disease	  states,	  including	  diabetes,64,65,	  atherosclerosis66	  	  and	  hypertension.67	  	  Although	  ischemia	  early	  in	  its	  time	  course	  causes	  SERCA	  glutathiolation,	  it	  is	  shown	  here	  for	  the	  first	  time	  that	  some	  fraction	  of	  SERCA	  is	  also	  irreversibly	  oxidized	  under	  chronic	  ischemic	  conditions	  induced	  by	  femoral	  artery	  ligation	  in	  mice.	  	  Following	  28	  days	  of	  hind	  limb	  ischemia,	  histological	  sections	  of	  whole	  muscle	  tissue	  were	  stained	  using	  a	  custom	  sequence-­‐specific	  antibody	  for	  SERCA	  2	  C674-­‐SO3,	  the	  irreversibly	  oxidized	  form	  of	  SERCA	  (Figure	  21).	  	  The	  data	  demonstrate	  not	  only	  that	  SERCA	  is	  irreversibly	  oxidized	  under	  conditions	  of	  chronic	  ischemia,	  but	  also	  that	  the	  severity	  of	  irreversible	  SERCA	  oxidation	  is	  greater	  in	  SKI	  than	  WT	  mice,	  and	  is	  particularly	  concentrated	  in	  the	  microvascular	  endothelium.	  One	  critical	  concept	  is	  that,	  while	  the	  serine	  mutant	  SERCA	  cannot	  be	  glutathiolated,	  it	  is	  also	  resistant	  to	  any	  other	  form	  of	  thiol	  oxidation.	  	  Essentially,	  it	  is	  “redox-­‐dead.”	  	  Thus,	  all	  observed	  changes	  in	  SERCA	  oxidation	  status	  are	  occurring	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in	  the	  WT	  allele	  in	  SKI	  animals.	  	  The	  potential	  implications	  of	  this	  are	  two-­‐fold.	  	  First,	  the	  fact	  that	  animals	  that	  have	  less	  glutathiolated	  SERCA	  in	  turn	  have	  more	  irreversibly	  oxidized	  SERCA	  supports	  the	  premise	  that	  these	  thiol	  modifications	  are	  mutually	  exclusive,	  and	  disease-­‐induced	  irreversible	  oxidation	  of	  the	  C674	  thiol	  is	  hypothesized	  to	  prevent	  glutathiolation.66	  	  SKI	  animals	  may	  have	  globally	  perturbed	  endothelial	  redox	  homeostasis	  that	  affects	  not	  only	  SERCA,	  but	  other	  proteins	  involved	  in	  oxidant/antioxidant	  responses.	  	  A	  mechanism	  for	  this	  has	  not	  yet	  been	  established,	  but	  one	  could	  speculate	  that	  SERCA	  dysfunction	  may	  lead	  to	  altered	  Ca2+	  balance	  and	  dysregulation	  of	  Ca2+-­‐dependent	  transcriptional	  controls	  for	  important	  effector	  proteins.	  Another	  viable	  explanation	  for	  the	  difference	  between	  WT	  and	  SKI	  animal	  SERCA	  oxidation	  is	  failed	  protection.	  	  As	  described	  earlier	  in	  the	  text,	  glutathiolation	  is	  hypothesized	  to	  protect	  proteins.	  	  If	  the	  WT	  SERCA	  C674	  thiol	  fails	  to	  undergo	  glutathiolation	  in	  SKI	  mice	  due	  to	  globally	  altered	  redox	  balance	  or	  Ca2+	  homeostasis,	  the	  SERCA	  protein	  in	  ischemic	  tissues	  may	  be	  more	  susceptible	  to	  irreversible	  oxidation	  and	  damage.	  	  This	  is	  consistent	  with	  the	  increase	  in	  irreversible	  SERCA	  oxidation	  in	  SKI	  animals	  being	  correlated	  with	  poorer	  blood	  flow	  recovery	  after	  ischemic	  insult.	  	  Moreover,	  these	  findings	  suggest	  a	  direct	  link	  between	  chronic	  ischemia	  and	  OPTMs	  that	  can	  alter	  SERCA	  function	  in	  angiogenesis.	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Figure	  21.	  	  Chronic	  ischemia	  causes	  irreversible	  SERCA	  oxidation.	  	  A.	  	  Histological	  sections	  of	  hind	  limb	  muscle	  from	  WT	  C57BL6	  and	  SKI	  mice	  subjected	  to	  hind	  limb	  ischemia.	  	  Microvessels	  magnified	  in	  box.	  	  Control=sham	  surgery,	  Ischemic=femoral	  artery	  ligation	  and	  resection.	  	  Sections	  are	  stained	  for	  SERCA	  2	  C674-­‐SO3,	  irreversibly	  oxidized	  SERCA,	  using	  a	  sequence-­‐specific	  antibody.	  	  B.	  Quantification	  of	  blind	  scoring	  from	  5	  observers	  evaluating	  images	  of	  sham	  control	  and	  ischemic	  limbs	  from	  5	  WT	  and	  4	  SKI	  mice.	  	  p	  <	  0.05,	  	  v	  vs.	  WT	  control,	  ♯	  vs.	  WT	  ischemic,	  u	  vs.	  SKI	  control.	  	  Performed	  with	  Xiuyun	  Hou,	  a	  technician	  in	  the	  laboratory.	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4.4.	  SKI	  alters	  the	  endothelial	  cell’s	  response	  to	  hypoxia	  As	  an	  in	  vitro	  model	  of	  acute	  ischemia,	  hypoxia	  was	  used	  to	  stimulate	  endothelial	  cell	  angiogenic	  behavior.	  	  	  The	  following	  studies	  show	  that	  redox	  dead	  SERCA	  2	  C674	  impairs	  the	  endothelial	  cell’s	  response	  to	  hypoxia	  in	  several	  ways,	  including	  ROS	  generation,	  pro-­‐angiogenic	  gene	  induction	  and	  signaling.	  	   4.4.1.	  Hypoxia-­‐induced	  ROS	  production	  We	  have	  recently	  published	  data	  demonstrating	  that	  H2O2	  induces	  SERCA	  glutathiolation.76	  	  Using	  the	  Amplex	  Red	  Assay,	  with	  which	  I	  used	  in	  HAECs	  to	  show	  that	  VEGF	  induces	  endothelial	  oxidant	  production,76	  	  H2O2	  was	  measured	  following	  cellular	  hypoxia.	  	  Mirroring	  the	  glutathiolation	  results,	  H2O2	  increased	  in	  WT	  cells	  following	  hypoxia,	  but	  H2O2	  levels	  were	  lower	  in	  SKI	  endothelial	  cells	  under	  both	  normoxic	  and	  hypoxic	  conditions	  (Figure	  22).	  	  Given	  the	  literature	  demonstrating	  that	  ischemia-­‐induced	  oxidant	  production	  initiates	  signaling	  cascades	  essential	  for	  vascular	  repair,151	  a	  difference	  in	  ROS	  signaling	  in	  WT	  and	  SKI	  endothelial	  cells	  under	  hypoxic	  conditions	  may	  provide	  insight	  to	  some	  of	  the	  observed	  differences	  in	  pro-­‐angiogenic	  gene	  induction	  described	  below.	  	  These	  data	  are	  also	  consistent	  with	  our	  publication	  indicating	  that	  acute	  H2O2	  administration	  leads	  to	  SERCA	  glutathiolation	  in	  HAECs.	  	  Here,	  at	  1	  hour	  of	  in	  vitro	  hypoxia	  and	  in	  vivo	  ischemia,	  respectively,	  endothelial	  H2O2	  production	  and	  whole	  muscle	  SERCA	  glutatiolation	  were	  increased.	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Figure	  22.	  	  Hypoxia-­‐induces	  H2O2	  production.	  	  Cultured	  MCECs	  were	  subjected	  to	  1	  hour	  of	  hypoxia	  (0.5%	  O2)	  and	  an	  Amplex	  Red	  Assay	  was	  used	  to	  determine	  resultant	  H2O2	  production.	  	  n	  =	  8.	  	  *	  =	  p	  <	  0.05.	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   4.4.2.	  Redox	  dead	  SERCA	  2	  S674	  affects	  cellular	  oxidant/antioxidant	  systems	  While	  excessive	  ROS	  production	  and	  oxidative	  stress/damage	  is	  responsible	  for	  much	  of	  the	  pathology	  associated	  with	  reperfusion	  injury152	  and	  contributes	  to	  the	  pathological	  oxidation	  of	  SERCA,43	  the	  role	  of	  Nox-­‐derived	  ROS	  in	  SERCA’s	  normal	  physiological	  regulation	  is	  not	  well	  characterized.	  	  Recent	  literature	  demonstrates	  that	  Nox4	  is	  a	  protective	  ROS-­‐generating	  vascular	  NADPH	  oxidase,47	  and	  may	  promote	  angiogenesis	  through	  activation	  of	  eNOS.51	  	  SKI	  endothelial	  cells	  have	  lower	  levels	  of	  Nox4	  enzyme	  (Figure	  23B),	  and	  this	  gene	  expression	  data	  is	  consistent	  with	  the	  data	  demonstrating	  lower	  baseline	  H2O2	  levels.	  	  Nox2	  expression	  is	  also	  decreased	  in	  SKI	  endothelial	  cells	  (Figure	  23A).	  	  The	  baseline	  difference	  between	  WT	  and	  SKI	  oxidant	  production	  is	  more	  likely	  related	  to	  an	  effect	  of	  SERCA	  redox	  regulation	  on	  NADPH	  oxidase	  expression,	  rather	  than	  a	  change	  in	  other	  major	  endothelial	  H2O2	  regulating	  enzymes	  (e.g.,	  superoxide	  dismutase	  (MnSOD)	  which	  generates	  H2O2	  from	  ⋅O2-­‐,	  or	  catalase	  which	  decomposes	  H2O2	  to	  water)	  (Figure	  23C-­‐D),	  since	  expression	  of	  these	  enzymes	  was	  unchanged	  in	  SKI	  endothelial	  cells	  compared	  to	  WT.	  	  Also	  unchanged	  is	  expression	  of	  glutaredoxin	  1	  (Figure	  23E),	  a	  key	  enzyme	  for	  removal	  of	  glutathione	  protein	  adducts	  in	  endothelial	  cells,	  suggesting	  that	  the	  glutathiolation	  defect	  in	  SKI	  cells	  is	  related	  to	  failed	  H2O2-­‐induced	  glutathiolation,	  rather	  than	  an	  increase	  in	  de-­‐glutathiolation	  rates.	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Figure	  23.	  	  Oxidant	  and	  anti-­‐oxidant	  gene	  expression	  in	  WT	  and	  SKI	  
endothelial	  cells.	  	  qRT-­‐PCR	  was	  performed	  using	  cultured	  MCECs	  to	  determine	  relatuve	  expression	  of	  A.	  Nox2,	  B.,	  Nox4,	  C.	  MnSOD,	  D.	  Catalase	  and	  E.	  Glutaredoxin	  1	  (Grx).	  	  n	  =	  3-­‐6.	  	  *	  =	  p	  <	  0.05	  vs.	  WT.	  	  	  	  	  
R
at
io
 to
 W
T
WT SKI
0.0
0.5
1.0
1.5 Nox2 mRNA
R
at
io
 to
 W
T
WT SKI
0.0
0.5
1.0
1.5 Nox4 mRNA
R
at
io
 to
 W
T
WT SKI
0.0
0.5
1.0
1.5 MnSOD mRNA
R
at
io
 to
 W
T
WT SKI
0.0
0.5
1.0
1.5 Catalase mRNA
R
at
io
 to
 W
T
WT SKI
0.0
0.5
1.0
1.5 Grx mRNA
!"# $"#
%"# &"#
'"#
!"
!"
	   104	  
4.4.3.	  Hypoxia-­‐induced	  pro-­‐angiogenic	  gene	  induction	  and	  signaling	  Real	  time	  qRT-­‐PCR	  was	  used	  to	  evaluate	  induction	  of	  genes	  involved	  in	  angiogenic	  and	  oxidant	  production/anti-­‐oxidant	  response	  pathways	  following	  acute	  hypoxia.	  	  The	  data	  show	  impaired	  VEGF	  A,	  VEGFR2	  and	  eNOS	  induction	  in	  SKI	  endothelial	  cells	  (Figure	  24A).	  	  Thus,	  impaired	  SERCA	  glutathiolation,	  as	  mimicked	  in	  SKI	  endothelial	  cells,	  may	  disrupt	  normal	  transcriptional	  control	  of	  the	  ischemic	  angiogenic	  response.	  There	  is	  also	  an	  apparent	  signaling	  defect	  in	  the	  SKI	  endothelial	  cells.	  	  While	  eNOS	  phosphorylation	  (S1177,	  representative	  of	  eNOS	  activation	  and	  ⋅NO	  production)	  was	  maintained	  at	  a	  steady	  level	  in	  WT	  endothelial	  cells,	  it	  declined	  under	  the	  stress	  of	  hypoxia	  in	  SKI	  endothelial	  cells	  (Figure	  24B).	  	  Upstream	  of	  eNOS,	  PI3K/Akt	  is	  important	  in	  the	  VEGF	  signaling	  pathway,	  and	  there	  was	  no	  difference	  in	  phosphorylated	  or	  total	  Akt	  between	  cell	  types	  (Figure	  24B).	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Figure	  24.	  	  SKI	  impairs	  hypoxia-­‐induced	  pro-­‐angiogenic	  gene	  induction	  and	  
signaling.	  Cultured	  MCECs	  were	  subjected	  to	  24	  hours	  of	  hypoxia	  (0.5%	  O2).	  	  A.	  	  qRT-­‐PCR	  was	  used	  to	  evaluate	  induction	  of	  VEGF	  A,	  VEGF	  receptor	  2	  and	  eNOS	  mRNA	  expression	  in	  response	  to	  hypoxia.	  	  n	  =	  3	  	  B.	  	  Western	  blots	  and	  densitometric	  quantification	  of	  p-­‐eNOS,	  p-­‐Akt,	  t-­‐Akt	  and	  GAPDH	  loading	  control.	  	  n	  =	  3.	  	  *	  =	  p	  <	  0.05.	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4.5.	  Discussion	  Aim	  2	  examined	  the	  consequences	  of	  impaired	  glutathiolation	  at	  SERCA	  C674	  for	  endothelial	  cell	  angiogenic	  functions.	  	  We	  have	  previously	  shown	  that	  VEGF	  stimulation	  of	  endothelial	  cells	  results	  in	  oxidant	  production,	  reversible	  S-­‐glutathiolation	  of	  SERCA,	  and	  enhanced	  SERCA	  activity	  in	  HAECs.76,81	  	  It	  is	  also	  known	  from	  the	  literature	  that	  hypoxia	  leads	  to	  both	  the	  induction	  of	  oxidants39	  and	  release	  of	  VEGF.153	  	  However,	  it	  is	  not	  known	  whether	  hypoxia	  directly	  results	  in	  enhanced	  SERCA	  activity	  due	  to	  glutathiolation,	  decreased	  SERCA	  activity	  due	  to	  irreversible	  oxidation,	  or	  a	  combination	  of	  these	  outcomes.	  	  To	  begin	  to	  assess	  the	  role	  of	  RONS	  and	  glutathiolation	  of	  SERCA	  C674	  in	  ischemic	  angiogenesis,	  WT	  and	  SKI	  endothelial	  cells	  were	  subjected	  to	  hypoxia,	  mimicking	  early	  stages	  of	  hind	  limb	  ischemia.	  It	  is	  demonstrated	  here	  not	  only	  that	  hypoxia	  increased	  endothelial	  H2O2	  production	  and	  SERCA	  glutathiolation,	  but	  also	  that	  these	  changes	  were	  associated	  with	  pro-­‐angiogenic	  gene	  induction	  (Figure	  25).	  	  It	  is	  thus	  hypothesized	  that	  endothelial	  cells	  from	  SKI	  mice	  were	  functionally	  impaired	  due	  to	  lack	  of	  glutathiolation.	  	  These	  data	  would	  suggest	  that	  glutathiolation	  stimulates	  endothelial	  angiogenic	  responses	  to	  ischemia,	  and	  could	  explain	  why	  SKI	  animals	  have	  impaired	  angiogenesis	  following	  hind	  limb	  ischemia.	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Figure	  25.	  	  Aim	  2	  pathway	  summary.	  	  Black	  arrows	  indicate	  previously	  known	  pathway	  components.	  	  Green	  arrows	  indicate	  new	  contributions.	  	  Dashed	  arrows	  indicate	  hypotheses.	  	  Ischemia	  in	  vivo	  and	  hypoxia	  in	  vitro	  stimulate	  SERCA	  glutathiolation,	  most	  likely	  through	  H2O2	  production.	  	  Hypoxia	  in	  vitro	  has	  also	  been	  shown	  to	  increase	  glutathione	  S-­‐transferase	  activity,	  which	  may	  also	  contribute	  to	  SERCA	  glutathiolation.	  	  SERCA	  glutathiolation	  is	  also	  important	  for	  Nox4	  mRNA	  production,	  which	  may	  feedback	  to	  increase	  H2O2	  and	  SERCA	  glutathiolation	  further.	  	  Increased	  SERCA	  glutathiolation	  under	  hypoxic	  conditions	  stimulates	  pro-­‐angiogenic	  gene	  induction	  and	  signaling.	  	  Irreversible	  SERCA	  oxidation	  to	  SERCA	  2	  C674-­‐SO3	  or	  the	  C674S	  mutation	  inhibits	  SERCA	  glutathiolation,	  and	  thus	  impairs	  downstream	  angiogenic	  signaling.	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4.5.1.	  SERCA	  S-­‐glutathiolation	  as	  a	  protective	  mechanism	  Glutathiolation	  of	  SERCA	  due	  to	  oxidants	  may	  occur	  by	  direct	  chemical	  means	  or	  potentially	  via	  increased	  GST	  activity	  under	  hypoxic	  conditions,39	  producing	  an	  altered	  redox	  state	  in	  ischemic	  cells.	  	  The	  data	  show	  that	  hypoxia	  increases	  SERCA	  glutathiolation	  in	  WT	  cells,	  but	  glutathiolation	  is	  impaired	  in	  SKI	  cells	  lacking	  the	  key	  C674	  thiol.	  	  It	  is	  unlikely	  that	  lower	  protein	  glutathiolation	  levels	  are	  the	  result	  of	  increased	  removal	  of	  glutathione	  adducts,	  as	  the	  expression	  of	  the	  principal	  enzyme	  responsible	  for	  this	  in	  endothelial	  cells	  (glutaredoxin1)	  is	  the	  same	  in	  WT	  and	  SKI	  cells.	  	  Thus,	  a	  defect	  in	  the	  actual	  addition	  of	  the	  glutathione	  adducts	  is	  more	  likely.	  	  If	  chemical	  glutathiolation	  or	  GST	  activity	  is	  increased	  under	  hypoxic	  conditions	  so	  that	  more	  SERCA	  is	  glutathiolated,	  less	  SERCA	  may	  be	  available	  for	  irreversible	  oxidation.	  	  Thus,	  one	  possible	  role	  for	  glutathiolation	  in	  ischemic	  angiogenesis	  is	  to	  protect	  SERCA.	  	  S-­‐glutathiolation	  is	  thought	  to	  protect	  cysteines	  from	  further	  oxidation	  to	  sulfinic	  or	  sulfonic	  acids	  under	  conditions	  of	  oxidative	  stress,	  and	  it	  has	  been	  proposed	  that	  a	  temporary	  “glutathione	  cap”	  is	  a	  mechanism	  of	  protein	  protection.38	  	  However,	  this	  point	  has	  yet	  to	  be	  conclusively	  proven	  in	  the	  literature.	  	  	  	   SKI	  endothelial	  cells	  may	  thus	  suffer	  a	  dual	  insult.	  	  First,	  for	  reasons	  that	  are	  still	  unknown,	  their	  WT	  alleles	  undergo	  less	  glutathiolation,	  and	  may	  thus	  be	  less	  protected	  from	  irreversible	  oxidation.	  	  Yet	  the	  converse	  is	  also	  possible.	  	  There	  could	  be	  global	  perturbations	  of	  redox	  status,	  for	  example	  with	  changes	  in	  GSH:GSSG	  ratio	  that	  we	  have	  yet	  to	  identify.	  	  In	  turn,	  increases	  in	  irreversible	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oxidation	  may	  prevent	  positive	  regulation	  by	  glutathiolation.	  	  As	  a	  second	  insult,	  the	  remaining	  C674S	  alleles	  in	  SKI	  cells	  cannot	  be	  stimulated	  in	  any	  way.	  	  The	  combined	  effect	  of	  decreased	  glutathiolation	  and	  increased	  irreversible	  oxidation,	  both	  of	  which	  lead	  to	  an	  inability	  of	  SERCA	  to	  be	  maximally	  activated	  by	  stimulation	  of	  the	  WT	  allele,	  could	  be	  key	  to	  the	  impaired	  angiogenesis	  observed	  in	  the	  mouse.	  	  Indeed,	  animals	  with	  less	  SERCA	  glutathiolation	  had	  increased	  SERCA	  oxidation	  and	  decreased	  endothelial	  cell	  angiogenic	  signaling.	  	  These	  data	  help	  to	  establish	  SERCA	  glutathiolation	  as	  a	  positive	  regulator	  of	  the	  angiogenic	  response.	  	  4.5.2.	  Interplay	  between	  Nox4-­‐derived	  oxidants	  and	  SERCA	  S-­‐glutathiolation	  Our	  recent	  publication	  shows	  that	  H2O2	  stimulates	  SERCA	  glutathiolation	  and	  endothelial	  cell	  migration	  in	  HAECs,76	  and	  Nox4	  knockdown	  inhibits	  both	  VEGF-­‐induced	  glutathiolation	  and	  cell	  migration,	  indicating	  a	  required	  role	  for	  Nox4-­‐generated	  H2O2.	  	  Nox4	  is	  also	  known	  to	  increase	  within	  6	  hours	  of	  hypoxia	  exposure	  in	  endothelial	  cells,	  and	  the	  increase	  is	  sustained	  for	  at	  least	  48	  hours.75	  	  Thus,	  future	  studies	  should	  examine	  whether	  failure	  of	  hypoxia	  to	  induce	  SERCA	  glutathiolation	  in	  SKI	  endothelial	  cells	  is	  related	  to	  failed	  induction	  of	  Nox4.	  	  The	  transcriptional	  regulation	  that	  affects	  endothelial	  Nox4	  expression,	  and	  its	  implication	  for	  the	  regulation	  of	  angiogenesis	  is	  largely	  unknown.	  	  However,	  unpublished	  data	  from	  our	  laboratory	  show	  that	  mice	  with	  endothelial-­‐specific	  overexpression	  of	  a	  dominant	  negative	  Nox4	  have	  impaired	  blood	  flow	  recovery	  in	  the	  hind	  limb	  ischemia	  model.	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Two	  interrelated	  problems	  linking	  Nox4	  and	  SERCA	  2	  may	  be	  at	  play	  in	  SKI	  endothelial	  cells.	  	  First,	  the	  redox-­‐insensitive	  serine	  mutant	  cannot	  be	  stimulated	  by	  H2O2,	  preventing	  H2O2-­‐induced	  SERCA	  glutathiolation	  and	  pro-­‐angiogenic	  functions.	  	  Second,	  SERCA	  redox	  post-­‐translational	  modifications	  may	  somehow	  regulate	  NADPH	  oxidase	  expression,	  as	  the	  key	  difference	  between	  WT	  and	  SKI	  endothelial	  cells	  is	  the	  ability	  of	  SERCA	  to	  be	  glutathiolated,	  and	  this	  difference	  results	  in	  altered	  NADPH	  oxidase	  expression.	  	  Given	  that	  I	  have	  already	  shown	  that	  knockdown	  of	  Nox4	  in	  HAECs	  leads	  to	  decreased	  H2O2	  production,76	  the	  lower	  Nox4	  expression	  in	  SKI	  endothelial	  cells	  could	  be	  partly	  responsible	  for	  the	  observed	  lower	  basal	  H2O2	  levels.	  	  This	  may	  in	  turn	  affect	  eNOS,	  as	  Nox4	  overexpression	  in	  endothelial	  cells	  has	  been	  found	  to	  increase	  eNOS	  protein	  levels.75	  	  It	  is	  also	  possible	  that	  there	  is	  a	  direct	  effect	  of	  SERCA-­‐dependent	  Ca2+	  regulation	  on	  Nox4	  expression	  or	  activity,	  but	  there	  is	  currently	  no	  literature	  exploring	  this	  topic.	  	  Alternatively,	  induction	  of	  mitochondrial	  oxidants	  during	  acute	  ischemia	  may	  also	  play	  a	  significant	  role	  in	  SERCA	  glutathiolation.	  	  To	  prove	  the	  point	  definitively,	  Nox4	  could	  be	  knocked	  down	  or	  overexpressed	  in	  mouse	  endothelial	  cells,	  and	  resultant	  decreases	  and	  increases	  in	  H2O2	  production	  and	  SERCA	  glutathiolation	  could	  be	  evaluated.	  	   4.5.3.	  SERCA	  S-­‐glutathiolation	  modulates	  signaling	  and	  transcriptional	  control	  of	  the	  angiogenic	  response	  SKI	  impairment	  of	  pro-­‐angiogenic	  gene	  induction	  and	  signaling	  suggests	  a	  novel	  mechanism	  by	  which	  SERCA	  glutathiolation	  regulates	  transcription	  and	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signaling	  cascades	  that	  contribute	  to	  the	  angiogenic	  response.	  	  Altered	  Ca2+	  homeostasis	  due	  to	  impaired	  SERCA	  redox	  regulation	  may	  impact	  Ca2+-­‐dependent	  transcription	  factors,	  or	  it	  could	  be	  affecting	  Ca2+-­‐dependent	  signaling	  cascades	  that	  modulate	  eNOS	  phosphorylation.	  	  Given	  the	  possible	  differential	  outcomes	  of	  eNOS	  phosphorylation	  and	  RONS	  production,	  the	  additional	  question	  is	  raised	  as	  to	  whether	  the	  sources	  of	  oxidants	  in	  endothelial	  cells	  are	  different	  under	  normoxic	  and	  hypoxic	  conditions.	  	  For	  example,	  the	  oxidant	  generating	  enzymes	  Nox2	  and	  Nox4	  were	  found	  to	  be	  lower	  in	  SKI	  endothelial	  cells	  under	  basal	  conditions,	  consistent	  with	  the	  lower	  basal	  oxidant	  production	  measured	  by	  Amplex	  Red.	  	  However,	  the	  SKI	  endothelial	  cells	  show	  a	  paradoxical	  increase	  in	  evidence	  of	  oxidative	  stress	  and	  damage	  under	  hypoxic	  conditions,	  as	  evidenced	  by	  the	  increase	  in	  irreversible	  SERCA	  C674-­‐SO3	  staining.	  	  Thus,	  in	  addition	  to	  the	  possible	  effects	  of	  mitochondria-­‐derived	  ROS,	  eNOS	  uncoupling,	  which	  causes	  eNOS	  to	  produce	  ⋅O2-­‐	  rather	  than	  ⋅NO,	  during	  the	  stress	  of	  hypoxia/ischemia	  in	  SKI	  endothelial	  cells,	  may	  play	  a	  major	  role	  in	  pathological	  irreversible	  SERCA	  oxidation,	  endothelial	  dysfunction	  and	  impaired	  angiogenesis.	  	  One	  method	  of	  evaluating	  the	  eNOS	  uncoupling	  phenomenon	  is	  using	  an	  eNOS	  activity	  assay.	  	  In	  this	  assay,	  the	  conversion	  of	  14C-­‐labeled	  L-­‐arginine	  to	  L-­‐citrulline	  is	  a	  measure	  of	  eNOS	  activity,	  and	  formation	  of	  the	  L-­‐citrulline	  product	  will	  only	  occur	  if	  the	  enzyme	  is	  producing	  
⋅NO,	  not	  uncoupled	  and	  producing	  superoxide	  anion.154	  Impaired	  eNOS	  signaling	  in	  the	  SKI	  mouse	  endothelial	  cells	  could	  also	  be	  viewed,	  in	  part,	  as	  a	  VEGF	  signaling	  defect,	  as	  SKI	  cells	  showed	  failed	  induction	  of	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VEGFR2	  under	  hypoxic	  conditions.	  	  Although,	  the	  lack	  of	  difference	  in	  phosphorylated	  or	  total	  Akt	  between	  the	  WT	  and	  SKI	  cell	  types	  suggests	  that	  this	  is	  not	  the	  case,	  there	  are	  other	  possible	  facets	  to	  the	  problem.	  	  Growth	  factors	  must	  be	  produced,	  then	  secreted,	  then	  cells	  must	  respond	  to	  the	  stimulus.	  	  Even	  if	  cells	  produce	  a	  growth	  factor	  and	  are	  capable	  of	  responding,	  failure	  of	  the	  secretory	  pathway	  can	  undermine	  the	  outcome.	  	  Notably,	  Ca2+	  homeostasis	  has	  recently	  been	  shown	  to	  be	  important	  for	  VEGF	  secretion.	  	  When	  Gq-­‐coupled	  plasma	  membrane	  receptors	  activate	  phospholipase	  C	  (PLC),	  phosphatidylinositol	  4,5-­‐bisphosphate	  (PIP2)	  is	  hydrolyzed	  into	  the	  second	  messengers	  IP3	  and	  DAG.155	  	  These	  events	  lead	  to	  calcium	  release	  and	  PKC	  activation.155	  	  VEGF	  secretion	  is	  then	  stimulated	  by	  intracytoplasmic	  Ca2+	  rise,	  or	  artificially	  through	  PKC	  activators.156	  	  Thus,	  SKI	  endothelial	  cells,	  which	  have	  altered	  Ca2+	  homeostasis,	  may	  fail	  to	  adequately	  secrete	  growth	  factor	  despite	  	  small	  increases	  in	  production	  in	  response	  to	  hypoxia.	  	   4.5.4.	  Summary	  The	  present	  work	  is	  a	  clear	  demonstration	  that	  SERCA	  C674	  is	  important	  for	  the	  angiogenic	  response	  to	  hypoxia,	  and	  that	  hypoxia	  regulates	  SERCA	  through	  OPTMs.	  	  Hypoxia	  induced	  endothelial-­‐derived	  oxidants,	  which	  stimulate	  SERCA	  glutathiolation,	  and	  was	  associated	  with	  pro-­‐angiogenic	  gene	  induction	  and	  signaling.	  	  These	  responses	  were	  blunted	  in	  endothelial	  cells	  from	  SKI	  mice,	  suggesting	  that	  redox	  inactivation	  of	  SERCA	  2	  at	  C674	  and	  subsequent	  lack	  of	  glutathiolation	  contributes	  to	  functional	  impairment.	  	  These	  data	  support	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glutathiolation	  as	  a	  key	  stimulus	  for	  endothelial	  angiogenic	  responses	  to	  ischemia,	  and	  could	  explain	  why	  SKI	  animals	  have	  impaired	  angiogenesis	  following	  hind	  limb	  ischemia	  in	  vivo.	  Nonetheless,	  while	  a	  general	  pathway	  is	  outlined	  here,	  there	  is	  currently	  no	  literature	  evaluating	  the	  specific	  interplay	  of	  SERCA-­‐regulated	  Ca2+	  and	  oxidants	  in	  ischemic	  angiogenesis.	  	  A	  future	  direction	  for	  elucidating	  these	  mechanisms	  is	  to	  determine	  whether,	  in	  the	  face	  of	  abnormal	  VEGF/eNOS/⋅NO	  signaling	  and	  low	  Nox4	  levels,	  exogenous	  administration	  of	  a	  redox-­‐independent	  SERCA	  activator	  could	  rescue	  the	  SKI	  endothelial	  cells	  and	  promote	  endothelial	  angiogenic	  behaviors	  such	  as	  migration	  and	  network	  formation	  in	  vitro.	  	  It	  is	  also	  important	  to	  determine	  whether	  knockdown	  of	  SERCA	  causes	  angiogenic	  responses	  to	  fail	  in	  a	  similar	  manner	  to	  the	  homozygous	  lethality	  due	  to	  failed	  vascular	  development.	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Chapter	  5.	  Aim	  3	  	  5.1.	  Background,	  rationale	  and	  goal	  In	  the	  past	  decade,	  ER	  stress	  has	  drawn	  much	  attention	  due	  to	  its	  potential	  roles	  in	  disease	  development,	  with	  cardiovascular	  and	  metabolic	  diseases,90,91	  cancer125	  and	  neurodegeneration	  often	  being	  highlighted.157,158	  	  Furthermore,	  the	  impact	  of	  ER	  stress	  is	  not	  limited	  to	  the	  ER,	  and	  has	  been	  confirmed	  to	  be	  involved	  in	  multiple	  pathological	  processes,	  including	  inflammation,	  impaired	  autophagy,	  mitochondrial	  dysfunction	  and	  hypoxic	  responses.	  	  The	  present	  work	  focuses	  on	  the	  role	  of	  ER	  stress	  in	  endothelial	  dysfunction	  in	  SKI	  mice	  and	  its	  impact	  on	  angiogenesis.	  The	  major	  known	  function	  of	  the	  SERCA	  pump	  is	  to	  drive	  cytosolic	  Ca2+	  into	  the	  ER,	  thus	  maintaining	  the	  high	  ER	  Ca2+	  stores	  required	  for	  protein	  folding	  and	  cellular	  homeostasis.	  	  Depletion	  of	  Ca2+	  stores,	  for	  example	  through	  administration	  of	  the	  non-­‐competitive	  SERCA	  inhibitor,	  thapsigargin,	  is	  a	  classical	  mechanism	  of	  inducing	  ER	  stress	  and	  the	  unfolded	  protein	  response,	  which	  can	  lead	  to	  cellular	  dysfunction	  or	  death.	  	  ER	  stress	  is	  a	  contributor	  to	  multiple	  cardiovascular	  pathologies,	  including	  myocardial	  infarction,	  cardiomyopathies,	  hypertension,	  and	  vascular	  insulin	  resistance.	  	  ER	  stress	  is	  also	  implicated	  in	  impaired	  ischemic	  revascularization	  in	  mice.	  	  One	  study	  demonstrated	  that	  ER	  stress	  is	  increased	  in	  db-­‐/db-­‐	  diabetic	  mice	  undergoing	  hind	  limb	  ischemia,	  and	  that	  these	  mice	  also	  have	  impaired	  blood	  flow	  recovery	  as	  compared	  to	  WT.144	  	  Alleviating	  ER	  stress	  with	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tauroursodeoxycholic	  acid	  (TUDCA),	  a	  protein	  folding	  chaperone,	  increased	  VEGF	  receptor	  and	  eNOS	  phosphorylation,	  and	  led	  to	  improved	  blood	  flow	  recovery	  in	  these	  animals.144	  Whether	  impaired	  redox	  regulation	  of	  Ca2+	  store	  filling	  induces	  ER	  stress	  and	  has	  an	  angiogenic	  consequence	  for	  SKI	  endothelial	  cells	  is	  unknown.	  	  The	  present	  work	  examined	  the	  potential	  that	  the	  SKI	  mutation	  induces	  ER	  stress	  by	  impairing	  redox	  regulation	  of	  endothelial	  Ca2+	  stores	  and	  whether	  alleviation	  of	  ER	  stress	  can	  partially	  resolve	  the	  endothelial	  dysfunction	  and	  improve	  angiogenic	  responses.	  	  
Goal:	  	  To	  determine	  whether	  impaired	  glutathiolation	  of	  SERCA	  in	  SKI	  
endothelial	  cells	  lacking	  the	  C674	  thiol	  leads	  to	  submaximal	  Ca2+	  store	  
filling/Ca2+	  store	  depletion,	  inducing	  ER	  stress	  in	  the	  endothelium,	  thus	  
providing	  an	  underlying	  mechanism	  by	  which	  SERCA	  oxidation	  can	  promote	  
endothelial	  dysfunction	  and	  impair	  angiogenesis.	  	  5.2.	  Impaired	  redox	  regulation	  of	  SERCA	  2	  C674	  promotes	  ER	  stress	  	   Data	  in	  aim	  1	  demonstrated	  that	  SKI	  endothelial	  cells	  have	  decreased	  Ca2+	  stores	  compared	  to	  WT	  cells.	  	  Because	  Ca2+	  store	  depletion	  is	  associated	  with	  induction	  of	  ER	  stress,	  and	  ER	  stress	  has	  been	  implicated	  in	  cardiovascular	  disease	  in	  general	  and	  impaired	  ischemic	  angiogenesis	  in	  particular,	  several	  markers	  of	  ER	  stress	  were	  investigated.	  	  BiP	  is	  a	  Ca2+-­‐binding	  as	  well	  as	  ER	  chaperone	  protein.	  CCAAT/-­‐enhancer-­‐binding	  protein	  (C/EBP)	  homologous	  protein	  (CHOP)	  is	  a	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multifunctional	  transcription	  factor	  that	  regulates	  genes	  involved	  in	  metabolism159and	  also	  induces	  apoptosis	  in	  response	  to	  ER	  stress.160	  	  The	  data	  demonstrate	  that	  levels	  of	  BiP	  were	  increased	  at	  baseline	  and	  following	  hypoxia	  in	  SKI	  endothelial	  cells	  compared	  to	  WT	  (Figure	  26A).	  	  There	  was	  a	  similar	  trend	  in	  CHOP,	  although	  the	  increase	  was	  not	  significant	  (Figure	  26A).	  Another	  indication	  of	  ER	  stress	  induction	  is	  global	  attenuation	  of	  protein	  translation.	  	  This	  normal	  downregulation	  of	  protein	  synthesis	  is	  proposed	  to	  alleviate	  ER	  protein	  load	  while	  allowing	  for	  selective	  translation	  of	  genes	  important	  for	  resolving	  the	  stress.	  	  SKI	  endothelial	  cells	  have	  lower	  than	  normal	  protein	  levels	  at	  baseline	  (Figure	  26B).	  	  The	  data	  also	  demonstrate	  that	  24	  hours	  of	  hypoxia	  attenuates	  protein	  levels	  in	  both	  WT	  and	  SKI	  endothelial	  cells	  to	  similar	  levels	  (Figure	  26B),	  consistent	  with	  both	  cell	  types	  being	  under	  stress.	  	  However,	  WT	  cells	  may	  be	  better	  equipped	  to	  cope	  with	  that	  stress,	  given	  their	  much	  lower	  levels	  of	  BiP.	  	  In	  summary,	  the	  diminished	  ionomycin-­‐releasable	  Ca2+	  stores	  and	  elevated	  markers	  of	  ER	  stress	  in	  SKI	  endothelial	  cells	  (Figures	  17	  and	  26)	  suggest	  that	  redox-­‐regulated	  store	  Ca2+	  maintenance	  is	  an	  important	  homeostatic	  mechanism,	  and	  its	  dysregulation	  can	  lead	  to	  cellular	  dysfunction.	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Figure	  26.	  	  SKI	  induces	  endothelial	  ER	  stress.	  	  A.	  	  Cultured	  MCECs	  were	  subjected	  to	  24	  hours	  of	  hypoxia	  (0.5%	  O2),	  and	  whole	  cell	  lysates	  were	  immuno-­‐blotted	  for	  the	  ER	  stress	  markers	  BiP	  and	  CHOP.	  	  n	  =	  3.	  	  *	  =	  p	  <	  0.05	  vs.	  WT.	  	  B.	  	  Total	  intracellular	  protein	  concentration	  was	  measured	  after	  24	  hours	  of	  hypoxia.	  	  n	  =	  6.	  	  *	  =	  p	  <	  0.05	  vs.	  normoxia.	  	  #	  =	  p	  <	  0.05	  vs.	  WT.	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5.3.	  Ca2+	  store	  repletion	  improves	  signaling	  and	  SKI	  endothelial	  function	  Although	  the	  importance	  of	  Ca2+	  signaling	  to	  basic	  endothelial	  functions	  such	  as	  proliferation,	  migration	  and	  differentiation	  is	  well-­‐established,	  the	  specific	  mechanisms	  of	  Ca2+	  regulation	  are	  complex,	  multifaceted,	  and	  often	  poorly	  understood.	  	  Given	  that	  disturbances	  of	  Ca2+	  signaling	  are	  deleterious	  to	  endothelial	  function	  and	  vascular	  health,	  it	  was	  hypothesized	  that	  overexpressing	  an	  important	  ER	  resident	  Ca2+	  binding	  protein	  that	  helps	  maintain	  high	  ER	  Ca2+	  levels	  might	  rescue	  the	  decreased	  Ca2+	  stores	  and	  therefore	  cell	  dysfunction	  observed	  in	  the	  SKI	  endothelial	  cells.	  	  Also,	  given	  the	  importance	  of	  Ca2+	  store	  maintenance	  in	  preventing	  ER	  stress,	  I	  hypothesized	  that	  such	  overexpression	  would	  alleviate	  ER	  stress.	  One	  protein	  fitting	  these	  criteria	  is	  calreticulin.	  	  It	  provides	  up	  to	  45%	  of	  the	  Ca2+-­‐buffering	  capacity	  in	  the	  IP3-­‐sensitive	  Ca2+	  pool,161	  and	  in	  the	  literature	  calreticulin	  overexpression	  has	  been	  shown	  to	  increase	  the	  pool	  of	  stored	  Ca2+.162	  	  Additionally,	  in	  a	  study	  of	  pancreatic	  β	  cells,	  ER	  Ca2+	  store	  depletion	  led	  to	  apoptosis	  through	  an	  ER	  stress	  pathway,	  but	  overexpression	  of	  calreticulin	  increased	  ER	  Ca2+	  and	  blocked	  apoptosis.163	  	  Surprisingly,	  four-­‐fold	  calreticulin	  overexpression	  did	  not	  appear	  to	  have	  any	  significant	  effect	  on	  SKI	  ER	  stress.	  	  A	  non-­‐significant	  increase	  in	  CHOP	  in	  the	  SKI	  mice	  appeared	  to	  be	  prevented	  by	  calreticulin	  over-­‐expression	  but	  the	  significant	  BiP	  elevation	  in	  SKI	  MCECs	  was	  unaffected	  by	  calreticulin	  	  (Figure	  27).	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Figure	  27.	  	  Calreticulin	  overexpression	  has	  no	  significant	  effect	  on	  ER	  stress.	  	  MCECs	  were	  subjected	  to	  48-­‐72	  hours	  of	  adenovirally-­‐mediated	  calreticulin	  overexpression.	  	  Representative	  Western	  blots	  and	  densitometric	  quantification	  of	  calreticulin,	  SERCA	  2,	  BiP	  and	  CHOP.	  	  n	  =	  6-­‐11.	  	  **	  =	  p	  <	  0.01	  vs.	  LacZ.	  ##	  =	  p	  <	  0.01	  vs.	  WT.	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Despite	  its	  inability	  to	  alleviate	  ER	  stress	  in	  SKI	  endothelial	  cells,	  calreticulin	  overexpression	  had	  a	  positive	  impact	  on	  intracellular	  Ca2+	  store	  release,	  definitively	  increasing	  Ca2+	  stores	  in	  SKI	  MCECs	  without	  affecting	  those	  in	  WT	  MCECs	  (Figure	  28A).	  	  VEGF-­‐induced	  Ca2+	  influx	  (Figure	  28B),	  which	  is	  dependent	  on	  Ca2+	  stores,81	  was	  also	  restored	  by	  calreticulin	  overexpression.	  	  Notably,	  the	  effect	  of	  calreticulin	  on	  stores	  and	  VEGF	  response	  was	  independent	  of	  any	  significant	  effect	  on	  SERCA	  2	  mRNA	  or	  protein	  (Figure	  28C-­‐D).	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Figure	  28.	  	  Calreticulin	  overexpression	  improves	  Ca2+	  homeostasis.	  	  MCECs	  were	  subjected	  to	  48-­‐72	  hours	  of	  calreticulin	  overexpression.	  	  A.	  	  Fura-­‐2	  Ca2+	  measurement	  of	  ionomycin	  (1	  μM)-­‐induced	  Ca2+	  store	  release.	  	  n	  =	  6.	  	  B.	  	  Fura-­‐2	  Ca2+	  measurement	  of	  VEGF	  (50	  ng/mL)-­‐induced	  Ca2+	  influx.	  	  n	  =	  6.	  	  C.	  	  qRT-­‐PCR	  evaluation	  of	  SERCA	  2	  mRNA.	  	  n	  =	  7.	  	  D.	  	  Densitometric	  quantification	  of	  SERCA	  2	  protein.	  	  n	  =	  9.	  	  p	  <	  0.05.	  	  #	  =	  vs.	  LacZ.	  	  *	  =	  vs.	  WT.	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Because	  VEGF	  signaling	  intimately	  involves	  Ca2+,	  it	  was	  determined	  whether	  altering	  ER	  Ca2+	  stores	  with	  calreticulin	  could	  have	  an	  effect	  on	  the	  VEGF/eNOS	  signaling	  pathway	  in	  the	  dysfunctional	  SKI	  endothelial	  cells.	  	  The	  data	  demonstrate	  that	  following	  calreticulin	  overexpression,	  levels	  of	  VEGFR2	  mRNA	  and	  protein	  increased	  in	  SKI	  cells	  (Figure	  29A-­‐B).	  	  Total	  eNOS	  mRNA	  (Figure	  29F),	  as	  well	  as	  eNOS	  protein	  phosphorylation	  (Figures	  29A	  and	  29C)	  were	  also	  increased.	  	  There	  was	  no	  significant	  change	  with	  calreticulin	  in	  p-­‐Akt	  or	  total	  Akt	  in	  either	  cell	  type	  (Figure	  29A	  and	  29D).	  	  Importantly,	  functional	  data	  demonstrate	  improved	  VEGF-­‐induced	  endothelial	  cell	  migration	  following	  calreticulin	  overexpression	  (Figure	  30),	  directly	  implicating	  Ca2+	  store	  depletion	  as	  the	  cause	  of	  impaired	  angiogenic	  responses	  of	  SKI	  MCECs.	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Figure	  29.	  Calreticulin	  overexpression	  enhances	  VEGF/eNOS	  signaling.	  	  MCECs	  were	  subjected	  to	  48-­‐72	  hours	  of	  calreticulin	  overexpression.	  	  A.	  	  Representative	  Western	  blots	  of	  VEGFR2,	  p-­‐eNOS,	  SERCA	  2,	  p-­‐Akt	  and	  total	  Akt.	  	  Western	  blot	  densitometry	  was	  normalized	  to	  GAPDH,	  then	  WT	  Control	  for	  B.	  VEGFR2.	  	  C.	  	  p-­‐eNOS	  and	  D.	  	  p-­‐Akt/t-­‐Akt.	  	  E.	  	  qRT-­‐PCR	  determined	  relative	  expression	  of	  VEGFR2.	  	  F.	  qRT-­‐PCR	  determined	  relative	  expression	  of	  eNOS.	  	  n	  =	  6-­‐11.	  	  *	  =	  p	  <	  0.05	  vs.	  LacZ,	  #	  =	  p	  <	  0.05	  vs.	  WT,	  **	  =	  p	  <	  0.01	  vs.	  LacZ.	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Figure	  30.	  	  Calreticulin	  enhances	  endothelial	  cell	  migration.	  	  MCECs	  were	  subjected	  to	  48-­‐72	  hours	  of	  calreticulin	  overexpression.	  	  Migration	  was	  evaluated	  as	  above	  following	  exposure	  to	  serum	  free	  medium	  (no	  treatment),	  DETA	  NONOate	  (⋅NO,	  30	  μM)	  or	  VEGF	  (50	  ng/mL)	  for	  16	  hours.	  	  Migration	  into	  the	  denuded	  area	  is	  represented	  as	  μM/16	  hours.	  	  n	  =	  8.	  	  ANOVA,	  *	  =	  p	  <	  0.05	  vs.	  LacZ,	  #	  =	  p	  <	  0.05	  vs.	  WT.	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5.4.	  Discussion	  Given	  the	  established	  role	  of	  SERCA	  function	  in	  preventing	  ER	  stress,	  and	  the	  emerging	  literature	  demonstrating	  a	  role	  for	  ER	  stress	  in	  impaired	  ischemic	  angiogenesis,	  it	  was	  predicted	  not	  only	  that	  SKI	  endothelial	  cells	  would	  show	  evidence	  of	  ER	  stress,	  but	  also	  that	  alleviation	  of	  this	  stress	  would	  improve	  pro-­‐angiogenic	  endothelial	  function.	  	  To	  investigate	  the	  relationship	  between	  impaired	  SERCA	  glutathiolation	  and	  ER	  stress,	  several	  stress	  markers	  were	  evaluated	  in	  SKI	  endothelial	  cells.	  	  Levels	  of	  BiP,	  a	  major	  ER	  Ca2+	  binding	  protein	  and	  protein	  folding	  chaperone,	  were	  higher	  in	  SKI	  than	  WT	  cells	  at	  baseline	  and	  following	  hypoxia.	  	  BiP	  levels	  increase	  under	  conditions	  of	  ER	  stress	  and	  the	  protein	  initiates	  signal	  transduction	  for	  the	  unfolded	  protein	  response.	  	  siRNA	  knockdown	  of	  BiP	  increases	  viability	  and	  reduces	  the	  number	  of	  apoptotic	  cells	  after	  two	  days	  of	  SERCA	  inhibition	  by	  thapsigargin	  treatment.164	  Based	  on	  the	  finding	  that	  SERCA	  redox	  regulation	  affects	  store	  Ca2+,	  and	  the	  literature	  demonstrating	  that	  Ca2+	  store	  depletion	  induces	  ER	  stress,	  the	  relationship	  of	  store	  Ca2+	  to	  ER	  stress	  induction	  in	  SKI	  endothelial	  cells	  was	  explored.	  	  Although	  calreticulin	  overexpression	  restored	  sequestration	  of	  ER	  Ca2+,	  it	  did	  not	  mitigate	  SKI	  ER	  stress	  as	  predicted.	  	  Instead,	  building	  Ca2+	  stores	  through	  calreticulin	  overexpression	  directly	  enhanced	  VEGF/eNOS	  signaling	  and	  ameliorated	  endothelial	  dysfunction	  independent	  of	  any	  apparent	  effect	  on	  ER	  stress	  (Figure	  31).	  	  The	  protein	  levels	  of	  VEGFR2	  as	  well	  as	  eNOS	  phosphorylation	  were	  increased	  in	  SKI	  cells	  following	  calreticulin	  overexpression,	  and	  calreticulin	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also	  enhanced	  cell	  migration.	  	  Direct	  Ca2+-­‐dependent	  modulation	  of	  the	  VEGF/eNOS	  signaling	  pathway,	  with	  restoration	  of	  Ca2+	  homeostasis	  affecting	  Ca2+-­‐dependent	  transcription	  factors	  to	  increase	  levels	  of	  VEGF	  receptor,	  or	  affecting	  Ca2+-­‐dependent	  signaling	  cascades	  that	  modulate	  eNOS	  phosphorylation	  could	  be	  responsible	  for	  the	  effect.	  	  One	  candidate	  for	  transcriptional	  regulation	  is	  Sp1.	  	  Sp1	  is	  a	  zinc	  finger	  transcription	  factor	  that	  binds	  GC-­‐rich	  promoter	  regions	  in	  many	  genes.	  	  Post-­‐translational	  modification	  of	  this	  protein	  by	  phosphorylation,	  acetylation,	  sumoylation,	  ubiquitylation,	  glycosylation	  and	  proteolytic	  processing	  causes	  it	  to	  regulate	  myriad	  processes	  such	  as	  cell	  growth	  and	  differentiation,	  apoptosis	  and	  immune	  responses.165	  	  Of	  importance	  to	  angiogenesis,	  Sp1	  is	  known	  to	  regulate,	  SERCA	  2,	  VEGF	  A,	  calmodulin	  and	  eNOS	  transcription.	  	  Additionally,	  eNOS	  activation	  can	  be	  mediated	  by	  both	  Ca2+-­‐dependent	  and	  Ca2+-­‐independent	  vascular	  signaling	  cascades.17	  	  For	  example,	  calmodulin	  is	  a	  small	  Ca2+-­‐binding	  messenger	  protein	  that	  is	  essential	  for	  eNOS	  function.	  	  It	  is	  highly	  conserved	  in	  eukaryotic	  cells,	  transducing	  signals	  by	  binding	  up	  to	  four	  Ca2+	  ions	  at	  a	  time	  in	  its	  EF	  hand	  motifs	  and	  then	  modifying	  the	  interaction	  of	  its	  globular	  domains	  with	  target	  proteins.166	  	  We	  therefore	  could	  be	  observing	  effects	  on	  Ca2+-­‐dependent	  eNOS	  activation	  in	  response	  to	  VEGF	  signaling.	  In	  short,	  although	  the	  exact	  mechanisms	  of	  the	  relationship	  between	  Ca2+	  stores	  and	  signaling	  and	  endothelial	  function	  are	  as	  yet	  unclear,	  Ca2+	  store	  restoration	  effectively	  averted	  endothelial	  dysfunction	  in	  SKI	  MCECs,	  and	  the	  data	  directly	  suggest	  that	  Ca2+	  stores	  modulate	  VEGF	  responses.	  	  Meanwhile	  impaired	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redox	  regulation	  of	  SERCA	  2	  results	  in	  pathway	  disruption,	  critically	  retarding	  angiogenic	  behavior.	  	  Thus,	  while	  redox-­‐inactive	  SERCA	  certainly	  promotes	  ER	  stress	  in	  endothelial	  cells,	  and	  ER	  stress	  is	  implicated	  in	  angiogenic	  defects	  in	  mouse	  models	  of	  disease,	  SKI	  endothelial	  dysfunction	  can	  be	  mitigated	  independently	  of	  direct	  effects	  on	  the	  stress	  response.	  Nonetheless,	  one	  could	  speculate	  that	  the	  effect	  of	  calreticulin	  on	  VEGF	  signaling	  or	  endothelial	  migratory	  function	  may	  have	  been	  enhanced	  with	  concomitant	  inhibition	  of	  ER	  stress,	  perhaps	  with	  increasing	  calreticulin	  overexpression,	  the	  use	  of	  a	  chemical	  inhibitor	  of	  ER	  stress	  such	  as	  4-­‐phenylbutyric	  acid	  or	  TUDCA,	  or	  knockdown	  of	  BiP	  or	  CHOP.	  	  However,	  while	  a	  higher	  level	  of	  calreticulin	  overexpression	  may	  have	  had	  a	  stronger	  effect	  on	  endothelial	  ER	  stress,	  greater	  than	  four-­‐fold	  overexpression	  may	  be	  outside	  of	  a	  physiologically	  relevant	  range.	  	  Furthermore,	  while	  it	  is	  possible	  that	  acute	  ER	  stress	  could	  be	  alleviated	  at	  the	  current	  titer	  of	  calreticulin,	  this	  titer	  was	  clearly	  insufficient	  to	  combat	  the	  chronic	  stress	  in	  endothelial	  cells	  that	  contained	  50%	  dysfunctional	  SERCA	  from	  the	  embryo	  to	  adult	  age,	  until	  cell	  isolation,	  culture	  and	  passage.	  Finally,	  while	  the	  relationship	  between	  ischemia-­‐induced	  RONS	  production,	  SERCA	  C674	  glutathiolation,	  and	  ER	  stress	  remains	  unclear,	  further	  investigation	  of	  ER	  stress	  as	  a	  potential	  mechanism	  of	  cardiovascular	  disease	  mediated	  by	  SERCA	  dysfunction	  is	  warranted.	  	  The	  relationship	  between	  oxidant	  and	  ER	  stress	  is	  very	  complex,	  and	  the	  finding	  that	  SKI	  endothelial	  cells	  exhibit	  ER	  stress	  implicates	  a	  possible	  role	  for	  SERCA	  glutathiolation	  in	  protecting	  against	  these	  pathologies.	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Figure	  31.	  	  Aim	  3	  pathway	  summary.	  	  Black	  arrows	  indicate	  previously	  known	  pathway	  components.	  	  Green	  arrows	  indicate	  new	  contributions.	  	  Horizontal	  line	  indicates	  a	  break	  in	  the	  VEGF/⋅NO	  signaling	  pathway.	  	  Under	  normal	  redox	  conditions,	  VEGF/⋅NO	  signaling	  stimulates	  SERCA	  glutathiolation.	  	  However,	  when	  SERCA	  is	  irreversibly	  oxidized	  to	  SERCA	  2	  C674-­‐SO3	  under	  conditions	  of	  oxidant	  stress,	  or	  mutated	  in	  the	  SKI	  mouse,	  it	  can	  no	  longer	  be	  stimulated	  by	  glutathiolation.	  	  Impaired	  SERCA	  glutathiolation	  leads	  to	  decreased	  ER	  Ca2+	  uptake.	  	  Decreased	  ER	  Ca2+	  is	  associated	  with	  impaired	  induction	  of	  pro-­‐angiogenic	  genes	  and	  signaling,	  impaired	  endothelial	  cell	  migration	  and	  impaired	  angiogenesis.	  	  Overexpression	  of	  calreticulin	  inhibits	  ER	  Ca2+	  depletion	  and	  restores	  endothelial	  angiogenic	  function.	  	  In	  a	  cooperative	  pathway,	  low	  ER	  Ca2+	  is	  associated	  with	  ER	  stress,	  which	  is	  a	  known	  inhibitor	  of	  angiogenesis.	  	  However,	  the	  positive	  effect	  of	  calreticulin	  on	  endothelial	  Ca2+	  homeostasis	  and	  angiogenic	  function	  acts	  independently	  of	  the	  stress	  response	  in	  SKI	  endothelial	  cells.	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Chapter	  6.	  Discussion	  	  6.1.	  General	  conclusions	  and	  future	  directions	  Although	  it	  is	  well-­‐accepted	  that	  ischemia-­‐induced	  oxidant	  production	  initiates	  signaling	  cascades	  essential	  for	  vascular	  repair,	  a	  major	  challenge	  of	  studying	  non	  enzymatically-­‐mediated	  PTMs	  is	  establishing	  functional	  consequences	  at	  the	  cellular,	  tissue	  and	  organism	  levels.	  	  Despite	  increasing	  evidence	  for	  the	  importance	  of	  cysteine	  thiol-­‐based	  PTMs	  in	  RONS-­‐mediated	  signaling,	  and	  the	  well-­‐established	  role	  of	  C674	  S-­‐glutathiolation	  in	  redox	  regulation	  of	  SERCA,	  the	  physiological	  (or	  pathophysiological)	  significance	  of	  SERCA	  modulation	  by	  RONS	  remains	  controversial.	  	  The	  next	  crucial	  step	  is	  establishing	  causal	  relationships	  between	  S-­‐glutathiolation	  or	  other	  OPTM’s	  and	  human	  disease.	  	  It	  was	  originally	  hypothesized	  that	  redox	  regulation	  of	  SERCA	  via	  reversible	  S-­‐glutathiolation	  at	  C674	  is	  critical	  not	  only	  for	  promoting	  endothelial	  angiogenic	  behaviors,	  but	  also	  in	  protecting	  cells	  against	  oxidant-­‐induced	  ER	  stress	  during	  ischemic	  injury,	  and	  that	  the	  ER	  stress	  caused	  by	  SERCA	  oxidation	  contributes	  to	  ischemic	  pathology	  and	  dysregulation	  of	  angiogenesis.	  	  While	  the	  importance	  of	  SERCA-­‐mediated	  Ca2+	  homeostasis	  emerged	  from	  the	  current	  studies	  more	  definitively	  than	  the	  role	  of	  ER	  stress,	  the	  latter	  certainly	  provides	  an	  interesting	  future	  direction	  of	  inquiry.	  The	  present	  body	  of	  work	  contributes	  to	  an	  improved	  understanding	  of	  the	  causes	  and	  consequences	  of	  post-­‐translational	  oxidative	  modifications	  of	  SERCA,	  thus	  informing	  novel	  therapeutic	  development	  for	  cardiovascular	  diseases	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associated	  with	  oxidant	  stress.	  	  The	  data	  presented	  above	  demonstrate	  that	  redox	  regulation	  of	  SERCA	  2	  C674	  plays	  a	  significant	  role	  in	  angiogenic	  responses	  in	  vivo,	  and	  provides	  new	  evidence	  that	  SERCA	  C674	  is	  post-­‐translationally	  modified	  by	  GSH	  during	  ischemia	  and	  hypoxia.	  	  Furthermore,	  they	  show	  that	  redox	  regulation	  of	  Ca2+	  stores	  by	  SERCA	  is	  essential	  for	  normal	  endothelial	  responses	  to	  VEGF.	  Using	  the	  heterozygote	  SKI	  mouse	  lacking	  a	  full	  complement	  of	  the	  key	  C674	  thiol,	  it	  was	  demonstrated	  that	  50%	  redox	  active	  SERCA	  C674	  is	  required	  for	  successful	  fetal	  angiogenic	  development.	  	  Failure	  of	  homozygous	  mice	  to	  develop	  beyond	  the	  stage	  of	  prenatal	  vascular	  development	  is	  also	  consistent	  with	  a	  need	  for	  the	  SERCA	  2	  reactive	  thiol	  for	  normal	  developmental	  angiogenesis	  in	  vivo,	  but	  this	  interesting	  finding	  will	  be	  pursued	  in	  future	  work.	  	  In	  addition,	  although	  ischemic	  angiogenesis	  in	  the	  adult	  can	  occur	  with	  only	  50%	  redox	  active	  SERCA,	  the	  response	  is	  significantly	  impaired.	  
S-­‐glutathiolation	  of	  SERCA	  appears	  to	  be	  key	  to	  the	  ischemic	  angiogenic	  response.	  	  In	  vivo	  ischemia	  leads	  to	  a	  rapid	  increase	  in	  hind	  limb	  muscle	  SERCA	  glutathiolation,	  while	  in	  vitro	  hypoxia	  induces	  a	  similar	  increase	  in	  isolated	  endothelial	  cells	  at	  the	  same	  time	  point.	  	  However,	  glutathiolation	  is	  impaired	  in	  SKI	  cells	  lacking	  the	  key	  C674	  thiol.	  	  Given	  that	  in	  vivo	  glutathiolation	  was	  inversely	  correlated	  with	  irreversible	  SERCA	  oxidation,	  it	  is	  possible	  that	  if	  more	  SERCA	  is	  glutathiolated,	  less	  SERCA	  may	  be	  available	  for	  irreversible	  oxidation.	  	  Thus,	  one	  possible	  role	  for	  glutathiolation	  in	  ischemic	  angiogenesis	  is	  to	  protect	  SERCA,	  and	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the	  glutathiolation	  defect	  in	  SKI	  endothelial	  cells	  could	  be	  key	  to	  the	  impaired	  angiogenesis	  observed	  in	  the	  mouse.	  Additionally,	  increased	  irreversible	  SERCA	  oxidation	  in	  SKI	  mice	  following	  hind	  limb	  ischemia	  is	  indicative	  of	  greater	  ROS	  damage.	  	  Whether	  this	  is	  due	  to	  increased	  ROS	  production,	  greater	  protein	  susceptibility,	  or	  increased	  accumulation/impaired	  clearance	  of	  damaged	  protein	  is	  not	  known.	  	  The	  data	  also	  indicate	  that	  isolated	  SKI	  endothelial	  cells	  had	  elevated	  markers	  of	  ER	  stress	  in	  culture.	  	  The	  increased	  ER	  stress	  could	  be	  related	  to	  either	  increased	  SERCA	  oxidation	  or	  impaired	  SERCA	  glutathiolation,	  or	  both.	  	  In	  SKI	  animals	  with	  less	  glutathiolated	  SERCA,	  ischemia-­‐induced	  ER	  stress	  may	  be	  exacerbated.	  	  If	  this	  is	  the	  case,	  then	  the	  data	  are	  consistent	  with	  SERCA	  C674	  glutathiolation,	  by	  its	  effect	  to	  increase	  SERCA	  activity	  and	  Ca2+	  store	  filling,	  acting	  as	  a	  protective	  mechanism	  that	  decreases	  ER	  stress	  under	  conditions	  of	  ischemic	  injury.	  	  However,	  additional	  experiments,	  for	  example	  the	  determination	  of	  the	  fate	  of	  oxidized	  SERCA,	  are	  required	  to	  conclusively	  demonstrate	  this	  relationship.	  In	  addition	  to	  the	  in	  vivo	  effects,	  redox	  inactivation	  of	  SERCA	  2	  at	  C674	  sufficiently	  altered	  intracellular	  Ca2+	  dynamics	  to	  affect	  VEGF-­‐mediated	  adaptive	  responses	  of	  endothelial	  cells	  by	  preventing	  ⋅NO-­‐dependent	  45Ca2+	  uptake	  and	  inducing	  Ca2+	  store	  depletion.	  	  Experiments	  in	  isolated	  endothelial	  cells	  demonstrated	  that	  impaired	  glutathiolation	  disrupted	  the	  critical	  ⋅NO/VEGF	  receptor	  pathway	  to	  cause	  endothelial	  dysfunction	  at	  multiple	  levels,	  implicating	  its	  importance	  in	  the	  endothelial	  angiogenic	  response.	  	  In	  association	  with	  decreases	  in	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S-­‐glutathione	  SERCA	  adducts	  induced	  by	  ischemia	  in	  vivo	  or	  hypoxia	  in	  vitro,	  ER	  Ca2+	  stores	  were	  depleted,	  angiogenic	  gene	  expression	  was	  decreased,	  and	  angiogenic	  behaviors	  were	  blunted.	  It	  was	  expected	  that	  repletion	  of	  Ca2+	  stores	  associated	  with	  calreticulin	  overexpression	  would	  alleviate	  ER	  stress	  and	  normalize	  endothelial	  signaling	  and	  angiogenic	  behavior.	  	  However,	  while	  ER	  stress	  may	  still	  be	  a	  significant	  contributor	  to	  ischemic	  pathology,	  improved	  Ca2+	  homeostasis	  played	  a	  direct	  and	  crucial	  role	  in	  initiation	  of	  the	  endothelial	  angiogenic	  response	  independent	  of	  effects	  on	  ER	  stress,	  exerting	  its	  effects	  by	  direct	  modulation	  of	  VEGF/⋅NO	  signaling.	  The	  ability	  of	  calreticulin	  to	  specifically	  enhance	  eNOS	  levels	  and	  activation	  is	  important,	  given	  that	  impaired	  eNOS	  function	  is	  implicated	  in	  the	  pathogenesis	  of	  endothelial	  dysfunction	  in	  many	  disease	  processes,	  including	  ischemia.	  	  It	  is	  believed	  that	  eNOS	  activation	  during	  and	  following	  ischemic	  injury	  is	  a	  compensatory	  mechanism	  for	  substantially	  decreased	  ⋅NO	  bioavailability	  due	  to	  oxidative	  stress,	  during	  which	  increasing	  ROS	  neutralize	  ⋅NO.169	  	  The	  loss	  of	  redox	  activation	  of	  SERCA	  resulting	  from	  decreases	  in	  available	  ⋅NO	  for	  SERCA	  glutathiolation	  is	  one	  potential	  mechanism	  of	  impaired	  ⋅NO	  bioactivity	  in	  cardiovascular	  disease.	  	  	  Given	  that	  SERCA	  is	  a	  direct	  target	  of	  oxidation	  in	  disease,	  another	  possible	  mechanism	  of	  impaired	  ⋅NO	  bioactivity	  is	  mediated	  by	  oxidative	  inactivation	  that	  prevents	  S-­‐glutathiolation	  despite	  the	  presence	  of	  ⋅NO.	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While	  these	  experiments	  elucidate	  the	  importance	  of	  Ca2+	  homeostasis	  in	  endothelial	  pro-­‐angiogenic	  signaling	  and	  function,	  the	  link	  between	  SERCA	  and	  altered	  signaling	  pathways	  due	  to	  perturbation	  of	  the	  role	  of	  Ca2+	  as	  a	  second	  messenger	  is	  not	  clear,	  and	  little	  is	  known	  about	  events	  downstream	  of	  Ca2+	  handling	  by	  SERCA	  in	  endothelial	  cells.	  	  Furthermore,	  the	  interplay	  between	  Ca2+	  and	  RONS	  in	  endothelial	  signaling	  is	  incompletely	  understood,	  and,	  as	  such,	  the	  specific	  proteins	  and	  associated	  signaling	  that	  are	  targeted	  by	  altered	  Ca2+	  and	  RONS	  are	  ill-­‐defined.	  	  NOX	  proteins,	  which	  have	  a	  demonstrated,	  though	  incompletely	  characterized	  role	  in	  cardiovascular	  disease	  are	  Ca2+	  sensitive,	  and	  also	  reciprocate	  to	  produce	  RONS	  that	  affect	  SERCA	  function.	  	  Thus,	  altered	  redox	  regulation	  of	  SERCA	  leading	  to	  Ca2+	  dysregulation	  may	  feed	  back	  to	  affect	  NOXs.	  	  Evidence	  for	  such	  a	  mechanism	  is	  provided	  by	  the	  decreased	  levels	  of	  Nox2	  and	  Nox4	  mRNA	  in	  SKI	  endothelial	  cells,	  as	  well	  as	  our	  recent	  publication	  showing	  that	  Nox4	  mediates	  SERCA	  glutathiolation	  through	  H2O2	  production.	  In	  addition,	  the	  potential	  role	  of	  the	  NOXs	  in	  transcriptional	  control	  could	  be	  interrogated.	  	  The	  homologous	  dual	  oxidase	  (DUOX)	  enzymes	  promote	  phosphorylation	  of	  transcription	  factors	  like	  STAT6,	  and	  Nox5	  at	  least	  has	  been	  shown	  to	  activate	  JAK/STAT	  signaling.	  	  Furthermore,	  PDGF	  receptor	  activation,	  which	  stimulates	  vascular	  smooth	  muscle	  cell	  proliferation,	  leads	  to	  activation	  of	  JAK1/STAT1,3	  signaling.36	  	  Whether	  NOXs	  are	  upstream	  of	  transcription	  factors	  for	  proliferative	  genes	  in	  endothelial	  cells	  does	  not	  appear	  to	  be	  very	  well-­‐described,	  but	  published	  literature	  demonstrates	  that	  VEGF	  mRNA	  production	  requires	  Nox4,	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with	  Nox4	  knockdown	  decreasing	  and	  Nox4	  overexpression	  increasing	  VEGF	  transcriptional	  activity.170	  Yet	  VEGF	  is	  likely	  not	  the	  only	  target.	  	  For	  years	  in	  anti-­‐cancer	  therapy,	  inhibition	  of	  the	  VEGF	  pathway	  has	  been	  the	  mainstay	  of	  therapeutic	  development	  to	  impair	  tumor	  angiogenesis,	  but	  a	  trend	  for	  development	  of	  three	  modalities	  of	  angiogenesis	  inhibitor:	  	  single-­‐target,	  multi-­‐target	  and	  broad	  spectrum,	  is	  emerging.171	  	  Similarly,	  in	  tackling	  diseases	  of	  impaired	  angiogenesis,	  multimodal	  stimulation	  of	  angiogenic	  pathways	  might	  be	  beneficial.	  Despite	  the	  complexity	  of	  the	  pathology,	  targeting	  SERCA	  remains	  a	  viable	  option.	  	  One	  company,	  Celladon	  Corporation,	  is	  focused	  on	  SERCA	  function	  specifically	  in	  cardiovascular	  disease	  as	  well	  as	  ER-­‐stress	  related	  pathways	  like	  diabetes	  and	  neurodegenerative	  diseases.	  	  They	  have	  developed	  numerous	  small	  molecular	  modulators	  of	  SERCA	  2b	  in	  addition	  to	  developing	  adeno-­‐associated	  virus	  gene	  vector	  technology	  to	  deliver	  SERCA	  to	  heart	  failure	  patients.	  	  The	  latter	  has	  already	  reached	  phase	  2b	  clinical	  trials.	  Taken	  together,	  these	  data	  presented	  in	  this	  thesis	  indicate	  that	  redox	  regulation	  of	  SERCA	  C674	  is	  critical	  for	  promoting	  endothelial	  angiogenic	  behaviors	  in	  response	  to	  VEGF,	  and	  for	  the	  first	  time	  elucidates	  a	  Ca2+-­‐dependent	  mechanism	  whereby	  maintenance	  of	  Ca2+	  stores	  by	  a	  redox-­‐dependent	  post-­‐translational	  modification	  on	  one	  SERCA	  cysteine	  thiol	  has	  a	  direct	  consequence	  for	  angiogenic	  signaling.	  	  Because	  Ca2+	  store	  deficiency	  has	  signaling	  and	  functional	  consequences	  for	  SKI	  endothelial	  cells,	  and	  endothelial	  cell	  dysfunction	  is	  mitigated	  by	  rebuilding	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stores	  with	  calreticulin,	  Ca2+	  store	  homeostasis	  is	  evidently	  a	  link	  between	  GSH	  modification	  of	  SERCA	  and	  angiogenic	  function.	  	  As	  redox-­‐dependent	  activation	  of	  	  SERCA	  2	  depends	  upon	  ⋅NO,	  and	  ⋅NO	  is	  required	  for	  angiogenesis,	  there	  is	  apparently	  normally	  a	  positive	  reinforcement	  of	  angiogenic	  signaling	  that	  requires	  SERCA	  C674	  redox-­‐dependent	  Ca2+	  store	  maintenance	  that	  has	  not	  been	  previously	  recognized.	  	  Thus,	  SERCA	  may	  function	  as	  a	  master	  switch,	  coordinating	  the	  pro-­‐angiogenic	  behaviors	  of	  multiple	  cell	  types	  through	  redox	  regulation	  of	  Ca2+	  homeostasis.	  	  Finally,	  redox	  regulation	  of	  SERCA	  2	  by	  post-­‐translational	  modification	  at	  C674	  may	  mediate	  an	  interaction	  between	  RONS	  and	  Ca2+	  signaling	  pathways,	  with	  this	  crosstalk	  indicating	  a	  multi-­‐level	  integration	  of	  signaling	  networks	  within	  endothelial	  cells.	  	  The	  present	  work	  contributes	  to	  an	  improved	  understanding	  of	  the	  causes	  and	  consequences	  of	  oxidants	  arising	  during	  ischemia,	  as	  well	  as	  the	  significance	  of	  oxidative	  modifications	  of	  SERCA,	  and	  may	  thus	  inform	  novel	  therapeutic	  development	  specifically	  for	  ischemic	  cardiovascular	  diseases.	  	  6.2.	  Limitations	  and	  alternative	  approaches	  The	  principal	  limitation	  of	  this	  study	  is	  that	  a	  hydroxyl	  group	  (R-­‐OH)	  is	  not	  a	  perfect	  model	  of	  thiol	  oxidation,	  which	  typically	  generates	  sulfenic	  (R-­‐SOH),	  sulfinic	  (R-­‐SO2H)	  or	  sulfonic	  acid	  (R-­‐SO3H).	  	  However	  the	  hydroxyl	  group	  very	  effectively	  prevents	  reversible	  S-­‐glutathiolation	  at	  SERCA	  2	  C674.	  	  Both	  a	  strength	  and	  a	  weakness	  of	  the	  model	  is	  the	  presence	  of	  impaired	  S-­‐glutathiolation	  in	  the	  absence	  of	  a	  specific	  cause,	  such	  as	  irreversible	  oxidation	  occurring	  during	  an	  inflammatory	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disease	  process.	  	  Because	  oxidative	  stress	  has	  myriad	  detrimental	  effects	  in	  the	  body	  and	  SERCA	  is	  only	  one	  mediator,	  the	  isolation	  makes	  determination	  of	  the	  molecular	  mechanism	  simpler,	  but	  does	  not	  fully	  recapitulate	  disease.	  	  Furthermore,	  from	  model	  organism	  studies,	  we	  expect	  a	  trait	  to	  be	  determined	  by	  anywhere	  from	  20	  to	  6,000	  genes,	  and	  Ca2+	  handling	  is	  no	  different.	  Another	  modeling	  limitation	  is	  that	  proteins	  are	  not	  merely	  regulated	  by	  a	  single	  post-­‐translational	  modification,	  but	  by	  an	  abundance	  of	  factors,	  and	  they	  cannot	  all	  be	  modeled	  simultaneously.	  	  Also,	  although	  C674	  is	  shown	  to	  be	  functionally	  important,	  structurally	  speaking,	  it	  is	  not	  the	  only	  place	  where	  SERCA	  will	  be	  oxidized	  in	  disease.	  	  Furthermore,	  when	  a	  protein	  has	  multiple	  domains	  (i.e.	  channel,	  substrate/ligand-­‐binding,	  catalytic	  domains,	  etc.)	  and	  numerous	  attributed	  functions	  (ion	  homeostasis,	  signaling,	  etc.),	  multiple	  mutations	  must	  be	  carried	  out	  in	  order	  to	  determine	  the	  most	  consistent	  and	  meaningful	  phenotype.	  	  When	  only	  a	  single	  mutation	  is	  introduced,	  it	  becomes	  more	  difficult	  to	  tease	  apart	  important	  functional	  deficits.	  A	  limitation	  that	  cannot	  be	  circumvented	  is	  that	  cultured	  endothelial	  cells	  are	  likely	  quite	  different	  from	  freshly	  harvested	  and	  in	  vivo	  cells	  in	  fundamental	  ways,	  and	  these	  differences	  may	  become	  more	  pronounced	  with	  each	  passage.	  	  The	  undoubted	  changes	  in	  their	  transcriptional	  profiles	  and	  behavior	  impose	  some	  limitations	  on	  the	  utility	  of	  the	  results	  for	  many	  genetic	  and	  molecular	  studies.	  	  Also,	  we	  wish	  to	  interrogate	  the	  role	  of	  endothelial	  SERCA	  2	  redox	  regulation	  in	  angiogenesis,	  but	  cultured	  cells	  cannot	  form	  blood	  vessels.	  	  Rather	  they	  only	  show	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altered	  mitotic,	  migratory	  or	  organizational	  potential,	  which	  may	  change	  with	  passage.	  	  Thus,	  there	  may	  be	  discordance	  between	  in	  vitro	  and	  in	  vivo	  angiogenesis	  results.	  	  Furthermore,	  given	  the	  great	  deal	  of	  functional	  redundancy	  in	  biological	  systems,	  it	  is	  possible	  to	  observe	  an	  in	  vitro	  phenotype	  but	  no	  in	  vivo	  phenotype	  due	  to	  global	  compensation,	  which	  can	  occur	  at	  the	  organismal	  level,	  but	  is	  often	  less	  effective	  at	  the	  individual	  cellular	  level.	  	  For	  example,	  data	  from	  SERCA	  2	  conditional	  knockout	  animals	  suggests	  that,	  in	  the	  short	  term,	  other	  Ca2+	  channels	  can	  offset	  profound	  loss	  of	  SERCA	  activity.7,8	  	  Finally,	  while	  cell	  isolations	  gave	  consistent	  results,	  the	  endothelial	  cells	  were	  not	  a	  100%	  pure	  population,	  and	  other	  contaminating	  cells	  types	  were	  present	  in	  small	  numbers.	  	  Also,	  due	  to	  technical	  limitations,	  hind	  limb	  muscle	  endothelial	  cells	  were	  not	  used,	  even	  though	  this	  is	  the	  vascular	  bed	  relevant	  to	  the	  in	  vivo	  study.	  Another	  significant	  limitation	  to	  the	  SKI	  model	  is	  that	  the	  germline	  is	  not	  the	  relevant	  sample	  for	  late	  onset	  somatic	  disease.	  	  Whenever	  germ	  line	  mutation	  is	  used	  as	  a	  model	  of	  somatic	  disease,	  there	  are	  secondary	  and	  tertiary	  sequelae	  of	  using	  the	  global	  knock-­‐out/-­‐in,	  especially	  for	  ubiquitously	  expressed	  proteins	  like	  SERCA	  2.	  	  For	  example,	  ATP2A2	  haploinsufficient	  mice	  are	  prone	  to	  neoplasia,	  and	  these	  findings	  corroborate	  with	  human	  data.81	  	  SERCA	  may	  play	  a	  role	  in	  signaling	  pathways	  involved	  in	  tumor	  growth,	  differentiation	  and	  cell	  death.	  	  Also,	  given	  that	  the	  SERCA	  2	  C674S	  knock-­‐in	  homozygote	  is	  lethal	  in	  utero,	  SERCA2	  may	  play	  a	  critical	  role	  in	  development,	  and	  this	  role	  may	  or	  may	  not	  be	  relevant	  to	  late	  life	  cardiovascular	  disease.	  	  Also,	  induction	  of	  long	  term	  ER	  stress	  beginning	  in	  infancy	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in	  mutant	  animals	  may	  accelerate	  disease	  progression	  to	  an	  extent	  that	  interferes	  with	  long	  term	  aging	  studies.	  Furthermore,	  genetic	  variants	  may	  be	  neutral	  in	  different	  environments,	  and	  there	  are	  currently	  no	  acceptable	  ways	  of	  modeling	  epistatic	  or	  epigenetic	  effects.	  	  Also,	  copy	  number	  variations	  outside	  genic	  regions,	  which	  can	  vary	  even	  among	  monozygotic	  twins,167	  may	  affect	  gene	  expression.	  	  Fortunately,	  SERCA	  2	  mRNA	  expression	  and	  protein	  levels	  were	  the	  same	  in	  WT	  and	  SKI	  animals.	  Many	  genes	  are	  also	  affected	  by	  the	  chromosome	  background	  they	  are	  in.	  	  Backgrounds	  will	  be	  different	  when	  comparing	  mice	  and	  people	  (the	  SERCA2	  gene	  resides	  on	  different	  chromosomes	  in	  mice	  and	  people),	  and	  among	  different	  mouse	  strains	  and	  subsets	  of	  the	  human	  population.	  Although	  it	  is	  possible	  to	  carryout	  many	  of	  the	  experiments	  described	  here	  using	  WT	  cells	  and	  viral	  overexpression,	  overexpression	  systems	  carry	  with	  them	  the	  risk	  of	  inducing	  imbalances	  and	  compensatory	  downregulations	  that	  confound	  the	  interpretation	  of	  phenotypic	  results.	  	  For	  example,	  Ying	  et	  al.	  (2007)40	  showed	  impaired	   ⋅NO	  bioactivity	  in	  transfected	  rat	  aortic	  smooth	  muscle	  cells	  overexpressing	  SERCA	  C674S.	  	  However,	  it	  is	  possible	  that	  in	  these	  studies	  overexpression	  of	  mutant	  SERCA	  downregulated	  expression	  of	  the	  native	  protein,	  accounting	  for	  ⋅NO’s	  concomitant	  inability	  to	  stimulate	  WT	  SERCA	  C674	  in	  these	  cells.	  	  Thus,	  while	  our	  previous	  in	  vitro	  studies	  employed	  adenoviral	  overexpression	  of	  WT	  and	  C674S	  mutant	  SERCA	  2	  in	  cultured	  vascular	  smooth	  muscle28	  and	  endothelial	  cells5,29	  with	  promising	  results,	  the	  utility	  of	  this	  approach	  is	  limited	  by	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confounding	  effects	  of	  the	  adenovirus	  itself.	  	  Meanwhile,	  the	  SKI	  mouse	  is	  a	  novel,	  previously	  unpublished	  animal	  model	  of	  impaired	  SERCA	  redox	  regulation.	  	  It	  confers	  the	  benefit	  of	  providing	  more	  physiologically	  relevant	  data	  than	  that	  previously	  achieved	  by	  overexpression	  in	  vitro,	  as	  SERCA	  expression	  is	  governed	  by	  its	  native	  promoter.	  	  Since	  the	  present	  work	  does	  not	  rely	  on	  alterations	  of	  SERCA	  expression,	  it	  excludes	  some	  potential	  interactions	  between	  WT	  and	  mutant	  SERCA	  expression	  and	  more	  clearly	  portrays	  the	  contribution	  of	  SERCA	  C674S	  to	  impaired	  
⋅NO	  bioactivity.	  	  An	  additional	  benefit	  of	  the	  SKI	  model	  over	  adenoviral	  transduction	  is	  the	  ability	  to	  carry	  out	  long	  term	  in	  vivo	  studies,	  as	  viral	  transfections	  have	  a	  limited	  duration	  of	  use	  that	  precludes	  such	  studies.	  Additional	  technical	  alternatives	  for	  the	  experiments	  above	  include	  the	  methods	  for	  assessment	  of	  cysteine	  reactivity	  and	  SERCA	  activity.	  	  An	  alternative	  way	  of	  assessing	  free	  cysteine	  thiols	  is	  quantitative	  labeling	  of	  reactive	  cysteines	  with	  iodoacetamide.	  	  However,	  since	  S-­‐glutathiolation	  was	  the	  end-­‐point	  of	  interest,	  this	  approach	  was	  deemed	  more	  relevant.	  	  An	  alternative	  measure	  of	  SERCA	  activity	  is	  direct	  measurement	  by	  (FRET).168	  	  However,	  given	  the	  centrality	  of	  elucidating	  mechanisms	  of	  Ca2+	  homeostasis	  in	  this	  work,	  measurement	  of	  Ca2+	  uptake	  into	  the	  ER	  was	  deemed	  the	  simplest	  and	  most	  direct	  approach	  to	  linking	  SERCA	  function	  to	  Ca2+	  handling.	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